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GEOLOGICAL PROGRAM TO PROVIDE A CHARACTERIZATION OF
TIGHT, GAS-BEARING RESERVOIRS IN THE ROCKY MOUNTAIN REGION

by
Charles W. Spencer, Thomas D. Fouch, and Dudley D. Rice

U.S. Geological Survey, Box 25046
Denver, Colorado 80225

ABSTRACT

In 1977, the U.S. Geological Survey, in cooperation with the Energy
Research and Development Administration, initiated a geological program
designed to characterize natural gas resources in low~permeability
(tight) reservoirs in the Rocky Mountain region. These reservoirs are
present from depths of less than 2,000 feet to greater than 19,000 feet.
The U.S. Geological Survey is now studying the areas and rock units that
. have the best resource potential in the region. These are the tight
sandstone and siltstone reservoirs of early Tertiary and Late Cretaceous
age in the Uinta, Piceance, and Greater Green River Basins, and Upper
Cretaceous sandstone, siltstone, shale, and marl reservoirs in the
northern Great Plains. The Greater Green River Basin includes the Green
River Basin proper, and the Washakie, Great Divide, and Sand Wash Basins.
The gas potential of tight, offshore-marine deposits of the northern
Great Plains was first recognized by D. D. Rice.

The purpose of the present investigation is to outline the distribution
of low-permeability gas-bearing formations, characterize the reservoirs,
assist in improving the recovery technology, and provide a refined
estimate of in-place gas resources. The amount of recoverable gas is
dependent on economic factors and advancements in recovery technology.

A wide variety of geological techniques is being used to resolve
resource and recovery technology problems in tight gas sands. These
techniques include studies in surface and subsurface stratigraphy,
paleoenvironmental interpretation, geophysical borehole logging, computer
processing of well history and geologic data, lineament analysis using
earth-satellite imagery, scanning electron microscopy, X-ray diffraction
and fluorescence, reservoir-rock petrography, pore~throat studies, core
analysis, micropaleontology, organic geochemistry, thermal-maturation
studies, borehole-gravimeter logging, subsurface~pressure mapping, and
hydrodynamic analysis.

Prepared for the Energy Research and Development Administration, under
Contract No. EY-76-A-08-0474, Modification No. M021.
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Approximately 20 preliminary regional stratigraphic sections,
prepared from electric logs and surface sections, have been constructed
in order to properly correlate equivalent gas-bearing intervals. Many of
the rock units being investigated are nonmarine deposits, which cannot be
readily correlated without the aid of micropaleontology.

Petrographic studies of cores have shown that the distribution of
clays in pore throats has a great influence on rock permeability. Many
whole-rock clay-mineral analyses show that a variety of clay minerals are
commonly present in a reservoir unit. However, when the SEM is used in
conjunction with X-ray fluorescence, it can be shown that only one of the
clays may be critical to permeability and stimulation problems. Lack of
recognition of the distribution of clays in reservoir beds may account
for some anomalous production test results.

INTRODUCTION

In 1977, the U.S. Geological Survey (USGS), in cooperation with the
Energy Research and Development Administration (ERDA), initiated a
geological program designed to characterize the natural gas resources in
low permeability (tight) reservoirs in the Rocky Mountain region. This
program is part of the ERDA Western Gas Sands Project and is concerned
with presently noncommercial reservoir rocks of Late Cretaceous and early
Tertiary age. These reservoirs are present from depths of less than
2,000 feet to greater than 19,000 feet. Figure 1 shows the location of
study areas in the Uinta and Piceance Basins of northeastern Utah and
northwestern Colorado, the Greater Green River Basin of southwestern
Wyoming and northwestern Colorado, and the northern Great Plains of
eastern Montana and western North and South Dakota. The geological
characterization of reservoirs necessary for resource assessment should
also provide worthwhile data for enhanced recovery research projects
being supported by ERDA in the Rockies and elsewhere in the United
States. Pertinent data from present and past recovery research will be
integrated into the USGS investigation to avoid any duplication of
effort.

SCOPE OF WORK

The work is subdivided into eight discrete categories of investigation
that apply to the entire Rocky Mountain region; each also forms an
integral part of the individual area studies. These fields of research
are listed below, with a brief summary of the objectives and methods:

1. Stratigraphic and structural studies--Subsurface mapping,
supplemented by some outcrop work, provides the basic framework
for the entire program.

Objectives:
a. Map the distribution, geometry, thickness, and

stratigraphic relations of the various producing and
potentially productive tight reservoirs and their
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association with source rocks, using borehole logs,
lithology logs, cores, and outcrop sections.

b. Map the regional structural framework of each area
and its relationship to gas accumulation.

c. Interpret the paleogeography, sedimentary history,
and depositional environmments in order to determine
lateral and vertical extent of reservoirs and to
determine which settings and associated lithofacies
are conducive to gas entrapment.

d. Determine trapping mechanisms, both stratigraphic
and/or structural, including the possible influence
of hydrodynamics.

e. Prepare maps of surface fractures using photos from
earth satellites and aircraft.

Methods:

This investigation involves the study, analysis, and
correlation of subsurface and surface rock samples, borehole
logs, and fracture lineaments. This information will be
placed in a data system and used to produce maps and cross
sections, which will be combined with data derived from other
studies in the program. In nonmarine sections, the time
framework and correlations will be based on paleontologic
data.

Geochemical studies—-This predominantly analytical program will
lead to an understanding of the fundamental processes that
govern the origin(s) and distribution of natural gas in tight
gas sands.

Objectives:

a. Identify the origin(s) of gases within a study area
as related to the three main stages of hydrocarbon
generation.

b. Predict time of gas generation and determine those
subsurface strata in which maximum gas generation
probably took place.

c. Identify and quantify potential source beds in strata
described in "b" above to provide basic data for
estimating the amounts of gas that should have been
generated.

d. Map paleomigration pathways as a means of identifying
regional focal areas of gas entrapment.

Concepts and methods:

Natural gas accumulations are related to different modes
of origin within the generally recognized three stages of
hydrocarbon generation: (1) Immature-—biological processes
acting at shallow depths in accumulating sediments cause
generation of gas consisting chiefly of methane, (2) Mature--—
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thermal cracking processes generate liquid hydrocarbons (oil)
and heavy molecular-weight gases, (3) Post-mature--gas, consisting
chiefly of methane, is generated by the destruction of liquid
hydrocarbons and heavier molecular-weight gases and by the
conversion of organic matter to carbon-rich residues and
volatile compounds in response to increasingly severe thermal
cracking. Thermal cracking processes of the mature and post-
mature stages are controlled by temperature and duration-of-
heating (geologic time) factors. The immature stage is also
indirectly controlled by thermal cracking processes because
the biological activity, responsible for gas generation, is
killed off by increasing temperature. The products of these
stages can be distinguished by the hydrocarbon composition of
natural gas and the carbon isotope ratios of the methane.

Once the type (origin) of natural gas for a given area is
determined, it is possible to predict subsurface depths at
which maximum generation of a particular type of gas would be
expected. The organic matter in the rocks undergoes various
changes resulting from a combination of temperature and geologic
time factors. Levels of maturation can be determined by
various geochemical and petrographic methods such as spore
coloration, vitrinite reflectance, carbon-preference index,
hydrocarbon percentage, ratio of hydrocarbon to organic
carbon, hydrogen-to-carbon ratio of kerogen, and saturated-to-
aromatic~hydrocarbon ratio versus hydrocarbon-~to-organic-
carbon ratio.

Finally, after determining the time of gas generation,
regional paleomigration pathways can be mapped by utilizing
present-day geothermal gradients and burial history, combined
with data from stratigraphic and structural studies.

3. Reservoir properties--Any study of hydrocarbon accumulations
and resource volumes must identify the critical reservoir
characteristics and their controlling factors. Reservoir
characteristics are particularly critical in the low-
permeability range.

Objectives:

a. Describe the petrography of the various tight gas
reservoirs including matrix cement, pore throats,
diagenesis, and paragenesis.

b. Using available geophysical porosity logs, adjusted
to core data, prepare isopach maps of gas-bearing
reservoirs.

c. Determine the effects of depth and temperature on
porosity-permeability characteristics.

d. Evaluate the effects of the above elements and
depositional environments on reservoir quality and
on the migration and entrapment of natural gas.
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e. Compile regional formation-pressure and fluid data for
key reservoir beds in each basin.

f. Determine the limiting reservoir characteristics of
tight gas sandstones for each study area.

Methods:

Borehole logs will be analyzed. Core analyses will
provide partial information on porosity, water saturation,
capillary pressure, permeability (air), gas-water relative
permeability, and grain density. Core and outcrop samples are
being examined microscopically using thin sections, impregnated
with colored epoxy in a vacuum oven, to determine rock composition
and to make pore and pore—throat studies. Pore-throat geometry
and size are being studied by scanning electron microscope
(SEM). Data from this study will be combined with other
information, such as clay mineralogy, environments of deposition,
and occurrence of gas. This work will lead to the identification
of the limiting reservoir qualities of tight gas reservoirs and
to the delineation of areas where the tight sandstones have
maximum gas potential. The complexity of the log analysis
problems requires the geological program to rely heavily on
ERDA-supported logging research and service companies for
assistance.

4. Clay mineralogy studies--Little is known about the clay mineralogy
of clastic reservoirs and associated facies in the Rocky
Mountain region. Preliminary data indicate that clays have a
strong influence on reservoir permeability, susceptibility to
formation damage, and approaches to recovery problems.

Objectives:

a. Determine the types, exchangeable cations, swelling
characteristics, and amounts of clay minerals present
in tight gas sandstones and associated rocks.

b. Determine the origin of the clays.

¢. Determine relationship among specific types of clay
and occurrence of natural gas.

d. Determine the character of the clays in the pore
throats of tight reservoirs using SEM and electron-—
probe techniques. These studies will provide valuable
information for analyzing permeability data, interpreting
borehole logs, and designing stimulation methods that
will decrease effects of formation damage during
drilling and testing.

Methods:
Core samples, supplemented by outcrop samples, are being

processed in the USGS core library and analyzed by X-ray
diffraction and fluorescence methods to determine the percentage
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and types of clay minerals. The distribution of clays on the
pore walls and in pore throats will be observed by SEM and

electron probe. Wet lab techniques will determine exchangeable

cations and swelling characteristics.

Data from these analyses will be presented on maps and
cross sections delineating the locations of specific clay-
mineral types. Local and regional variations in occurrence
and type of clay will be compared with such factors as
depositional environments, gas production, and lithologic
character. Coordination will be necessary with ERDA and ERDA
contractors to provide input into enhanced recovery research.

5. Coring program--Much of the basic data for the stratigraphic,
geochemical, reservoir, and clay-mineralogy studies is being
obtained from subsurface cores. Outcrop samples can be used
for some studies, but subsurface core samples are needed
because they more accurately reflect the true reservoir
conditions. Cores are not available in many parts of the

project areas either because they were not taken due to economic

restrictions of the drilling programs or because available
cores were not preserved. Cutting of cores should be done
under the direction of ERDA and can be coordinated under
contract with operators actively drilling in the study areas
as a part of ERDA's massive hydraulic fracturing (MHF) and
other projects. The USGS has the personnel and facilities
necessary for processing and storing cores.

6. Data acquisition and processing—-—Some basic regional geological

and engineering data have been extracted by computer from the
Petroleum Information Well History Control System (WHCS), a
computer file which contains data on more than 120,000 wells
in the Rocky Mountain region. However, because only limited
geological studies have been performed on the tight gas
sandstones, the USGS is establishing a data base for all
information collected in field, subsurface, and laboratory

studies as part of the program. This information will be in a

format compatible with the WHCS. The WHCS system has been
purchased by the USGS, and Petroleum Information is under
contract to perform required processing.

Maps and data being generated from this system are as
follows:

a. Well-penetration maps for objective reservoir intervals.

b. Regional structure maps.

c. Map plots and printouts of cores and drillstem tests
(DST's).

d. Map plots of all reported oil and gas shows and
production.

e. Plots of DST's for which initial shut-in pressures

(ISIP) are at least two times final shut—-in pressures

(FSIP).
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f. Regional hydrodynamic maps from hydrostatic levels
that are machine-computed from DST's for which ISIP
is less than two times the FSIP.

g. Preliminary bottomhole~pressure maps from shut-in
pressures using only DST's that had preflows to
remove supercharge (using DST's described in "f"
above).

h. Map plots of pressure gradients from highest of ISIP
or FSIP.

Borehole gravity surveys—-Where feasible, borehole gravity
surveys will be used on an experimental basis for the assessment
of the natural gas potential of tested and untested tight gas
reservoirs. This well-logging technique provides evaluation
of formation density, which is the integrated effect of rock
and fluid density that extends tens to hundreds of feet outward
from the borehole.

Objectives: Borehole gravity surveys can be selectively made
to accomplish the following:

a. Evaluate fracture porosity of tight gas sandstones
both before and after stimulation experiments.

b. Determine the areal extent of lenticular reservoirs
using the density contrast between shale (2.0-2.4
g/cc) and sandstone (2.65-2.7 g/cc).

c. Provide accurate average-density data for thick,
tight sandstones.

d. Construct acoustic impedance logs, if necessary, to
be used in conjunction with well-velocity surveys
for refinement of seismic interpretations.

e. Refine log interpretations and core analyses.

Methods:

Several surveys will be coordinated with ERDA drilling
and coring programs. These surveys will be selectively chosen
over the life of the program. Bulk density, matrix porosity,
grain density, and fluid saturation should be furnished before
the interpretation of the surveys can be made. This study
will require close coordination with present and future ERDA
coring, stimulation, well-testing, and completion programs.

Resource appraisal--The USGS Resource Appraisal Group (RAG)
will analyze available data during the study period to provide
geologically based estimates of gas-in-place. These estimates
will require RAG to work closely with each study group and
utilize all available data. RAG will then work closely with
ERDA to generate recoverable-gas resource estimates based on
latest advancements in recovery technology.

The basic stratigraphic and petrophysical studies are being done

E-1/7



within the USGS, because this work provides the basic geologic framework
for the entire program. 1In addition, the USGS has in-house expertise in
these areas, and the program work is being integrated with ongoing
studies. Geochemical analyses and some core-analyses work are being

done through outside contracts because USGS laboratories are not equipped
for batch processing. Final integration and interpretation of data will
be made by USGS personnel. Investigations by the USGS will be continuously
coordinated with past and present studies of other groups, including the
Plowshare and the MHF projects, to avoid duplication of effort, to
minimize expenses, and to gain maximum benefit from the mutual exchange
of ideas.

Piceance and Uinta Basins

Gas accumulations in low-permeability sandstone reservoirs of Late
Cretaceous, Paleocene, and Eocene age in the Piceance and Uinta Basins
occur in both marine and nonmmarine depositional environments. These
basins are shown in Figure 1. Initial inspection of the productive
marine units indicates that many of the reservoirs occur in offshore and
barrier-bar settings where sandstones were deposited adjacent to swamp,
lagoonal, or carbonaceous-marine beds. These rocks were buried to
sufficient depths to serve both as stratigraphic traps for, and a source
of, gas or were located on a regional migration path for hydrocarbons.
However, many of these continuous sandstone units may have been adversely
affected by early calcite and silica cementation and by the formation of
clay minerals in pore throats, so that the reservoir quality of the
units is significantly reduced or destroyed (J. K. Pitman, oral commun.,
1977). 1In the area of study, the marine units are easily correlatable;
however, where the rocks grade regionally to the west into nommarine
beds, the sandstones become more discontinuous and consequently more
difficult to correlate. Examples of relatively continuous marine reservoirs
are present in parts of the Castlegate, Rim Rock (of Walton, 1944), and
Sego Sandstone, Corcoran and Cozzette Members (of Young, 1955) of the
Price River Formation, Trout Creek Sandstone Member of the Iles Formation,
and Rollins Sandstone Member of the Mount Garfield Formation, all units
of the Upper Cretaceous Mesaverde Group.1a2a3

Gas is also trapped in nommarine sequences in alluvial sandstone
reservoirs. Individual and composite channel-form sandstones account
for as much as 90 percent of the potential reservoir units in the alluvial
section. Although many correlatable sandstone units developed at
approximately the same time over a large area, the resultant reservoirs
are commonly small because claystone and siltstone beds intertongue both
laterally and vertically within a short distance. Ubiquitous large-
scale, low-angle cross strata are commonly separated by relatively
nonpermeable claystone beds. This factor would seem to minimize the
potential for single large pools of gas, except where the reservoir
rocks are on the crest of a structure. Individual reservoir trap and
source beds are common, however, and cumulatively may contain much gas.
Examples of nonmarine units which contain such discontinuous reservoirs,
include the Williams Fork, Iles, Hunter Canyon, Mount Garfield, Blackhawk,
and Price River Formations and including in some areas both Neslen and
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Farrer Formations all of the Mesaverde Group, and parts of the younger
North Horn Formation.

All Tertiary rocks in the area of study are believed to be of
nonmarine origin.™? The gas produced from nonmarine rocks of Tertiary
age comes from channel sandstones which were deposited adjacent to swamp
or lacustrine enviromnments.® It is noteworthy that much of the gas
presently produced in the area is from reservoirs in nonmarine Paleocene
and Eocene rocks. This production is commercial to marginally commercial
(near tight) and is from stratigraphic traps in the Wasatch (or part of
the Fort Union Formation of some authors), North Horn, Ohio Creek, and
Green River Formations. Fouch stated that the traps in these swamp and
lacustrine deposits are a function of (1) change in clay content within a
single channel; (2) change from one genetic sandstone type to another,
such as a channel to an associated overbank sandstone; (3) change in
cementation; and (4) regional facies changes. Correlation is difficult
in the nonmarine rock sequences, and new dating of the rocks indicates
that some of the gas that has been believed to have been produced from
Paleocene units is probably from reservoirs of Cretaceous age which
unconformably underlie the Tertiary rocks (R. C. Johnson, oral commun.,
1977). Correct correlation is critical to an estimation of reserves for
a unit on a regional basis, and paleontologic data are being obtained to
correctly identify and relate the rocks.

To date, the USGS work in the Uinta-Piceance study area has centered
on establishing major reference sections of the objective rock units. In
addition to outcrop descriptions of genetic units, specimens are collected
for paleontologic, mineralogic, petrographic, and geochemical analysis.
Several cores of reservoir rocks from producing fields and core from near
outcrop sections have been described in detail and should be excellent
material for studies of reservoir- and source-rock units. A stratigraphic
section of some Upper Cretaceous and lower Tertiary rocks that extends
from outcrops along the southwest part of the Uinta Basin to the subsurface
of the Duchesne and Altamont oil and gas fields has been completed and
approved for publication by the U.S. Geological Survey. These data will
soon be released as an open-file report.8 The cross section will relate
rock groups and types, engineering data, productive facies, and correlations.

Greater Green River Basin

Figure 1 shows the location of the Greater Green River Basin study
area. Sandstone reservoirs having the best potential for gas accumulation
in tight reservoirs occur in nonmarine deposits of the Upper Cretaceous
Mesaverde Group and Lance Formation and Tertiary Paleocene Fort Union and
Eocene Wasatch Formations. Some potential for tight gas reservoirs
exists in marginal-marine rocks in the Mesaverde Group and Fox Hills
Sandstone, and marine sandstone and siltstone above and below the
Mesaverde. In addition, rocks of early Late Cretaceous age in the
Frontier Formation have some potential for gas in tight sandstone but are
not currently an objective for study because the reservoirs are thin
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and of limited areal extent. 1In general, most marine sandstone has
better reservoir quality and would not be classified as tight.

. Some presently commercial production is obtained from Frontier,
Mesaverde, Fort Union, and Wasatch units in the basin, so it is obvious
that all gradations exist from good permeable reservoirs to tight rocks.
As of January 1, 1973, the Wyoming portion of the basin contains 60
percent of Wyoming's gas production and reserves and, in spite of the
numerous wells drilled, the basin's rock volume is only 2.7 percent
explored.9 Ninety-three percent of the presently commercial gas in this
portion of Wyoming has been found in Cretaceous and Tertiary rocks.
About 44 percent of the Tertiary and Cretaceous gas has been found in
Mesaverde and younger reservoirs.

Generally the Upper Cretaceous strata thicken from east to west and
become more nommarine (continental) to the west. Drilling depths to the
base of the Mesaverde vary from less than 2,000 feet near uplifts to
more than 19,000 feet in the northwest part of the basin. The present
structural configuration of the basin is due to tectonism in the Upper
Cretaceous, Paleocene, and Eocene.

Present reconnaissance work has concentrated on compilation of
published and unpublished surface and subsurface data. Networks of
regional electric-log stratigraphic sections have been constructed and
are being correlated using lithologic well logs and surface data.
Correlations in the thick continental sequences are very difficult, and
micropaleontologic work is underway to refine age relationships.

Some processing of Petroleum Information's Well History Control
System (WHCS) data has been completed in work-map form. Printouts of
WHCS-core, hydrocarbon-show, drillstem-test, and pressure data have been
generated. The preliminary pressure-gradient data indicate several
areas having above-normal reservoir pressure. Temperature,
well-penetration, and regional-structure maps have been requested for

processing. Core samples have been collected for petrographic, geochemical,

and paleontologic processing.
Northern Great Plains

The northern Great Plains study area, as shown in Figure 1, is
situated in eastern Montana, western North and South Dakota, and
northeastern Wyoming. It comprises a large portion of the Williston
Basin. This area has not been included in previous natural gas resource
reports due to lack of engineering and geologic data. Current

investigations in the study area and the recent exploration and evaluation

of similar facies in western Canada indicate that major gas resources
are entrapped in low-permeability reservoirs of Cretaceous age at depths
of less than 4,000 feet.

These shallow accumulations of gas, which consist predominantly of
methane, are the product of the immature stage of hydrocarbon generation.
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The methane is generated by the breakdown of organic matter by anerobic
bacteria at shallow depths in accumulating sediments and is called
biogenic gas. The accumulation of biogenic gas is favored by the rapid
deposition of organic-rich sediments and by the presence of a reservoir
or seal either during peak generation or later, when uplift and erosion
cause exsolution of the gases from formation waters. The deposition of
discontinuous and/or low-permeability silts, sands, and marls enclosed by
thick sequences of mud during Cretaceous time in the northern Great
Plains, provided excellent conditions for the accumulation of biogenic
gas.

Biogenic gas is characterized by the enrichment of the light isotope
C in methane (6C13-58 o/oo) relative to the PDB standard, and by
large amounts of methane (C,) relative to ethane and heavier
hydrocarbons (C,/C_.>0.98). “Gases from the Bowdoin field in north-
central Montana haVe 8C~~ values ranging from -68.6 °/0o to -72.3 °/oo,
with hydrocarbon compositions consisting of greater than 99 percent
methane. These gases are of biogenic origin and are considered typical
of the northern Great Plains province.

Prospective low-permeability gas reservoirs in the northern Great
Plains range in age from late Early Cretaceous to Late Cretaceous. The
objective reservoirs are thin, discontinuous siltstones and sandstones
enveloped by thick sequences of shales. These shales may serve as both
source rocks and potential reservoirs where naturally fractured. More
persistent marls in the Upper Cretaceous Greenhorn, Carlile, and Niobrara
Formations having high porosity but low permeability, are probable targets,
particularly in the eastern part of the study area. All of these tight
reservoirs were deposited in a low-energy shelf environment along the
north-south trending Western Interior seaway. Investigations by G. W.
Shurr (USGS) in part of the study area show that paleomovement along
lineaments, as mapped from satellite images, had primary control on the
distribution and development of facies, particularly in the shelf setting.
In addition, fracturing and faulting along these lineaments will probably
lead to enhanced gas recovery. Future studies will document the influence
of these lineaments over the entire study area on facies distribution,
fracturing, and ultimate gas recovery.

11

The regional stratigraphic framework of the potential gas-bear%&gl3 14
sequence in the northern Great Plains has been established by Rice. "277°
Regional cross sections illustrate that the correlation and occurrence of
mappable units of predominantly marine shale are predictable over a large
area. However, the reservoir characteristics and thus the resource
potential may change drastically over short distances. Future studies
will attempt to identify what parameters are best for mapping gas potential.

Figure 2 is a correlation chart for north-central and eastern Montana
and southeastern Alberta, two areas which have had recent production from
relatively low permeability reservoirs. The most actively explored area
in north-central Montana is the Bowdoin gas field which covers an area of
600 square miles. Production comes from the upper part of the Belle
Fourche, the Phillips sandstone of subsurface usage within the Greenhorn
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Formation, and the Bowdoin sandstone of subsurface usage within the
Carlile Formation, at depths ranging from 400 to 1,800 feet. Wells are
typically low volume and are commercial only after fracing, but they are
predicted to have a long life. The Canadian equivalent of the Greemhorn
Formation, the second white specks zone, is also productive in Alberta.
However, the correlatives of the main producing zones in Alberta, the
Medicine Hat Sandstone and Milk River Formation, have not been adequately
evaluated in Montana. Likewise, the equivalent of the productive zone in
the Carlile, the Bowdoin, has not been adequately tested in Alberta. Our
investigations indicate that all of the section between the Mowry and the
Bearpaw Shales (Fig. 2) has similar log characteristics and should
contain potential tight gas zones in the study area. The Eagle Sandstone
and Judith River Formation are potential tight gas units only eastward of
the porous and permeable shoreline sandstomnes.

The best documented gas production from tight reservoirs in the
northern Great Plains study area occurs in western Canada. Available
references have been compiled.15 However, as is true in the United
States, most of the research has been on stimulation and recovery technology
and not on the geologic framework. The Suffield Evaluation Committee,
appointed by the Province of Alberta, evaluated an area of 1,000 square
miles in southeastern Alberta which had a 77-well program completed in
1974. Seventy-six of the wells were gas wells. The Committee assigned
an in-place gas reserve figure of 3.7 Trillion-cubic-feet (Tcf) to the
area. This gas-bearing facies continues into Montana and is present over
an area of at least 35,000 square miles in the United States' portion of
the northern Great Plains. Using the Suffield Block reserve data, the
United States' portion should contain 130 Tcf of gas in-place and recoverable
gas resources of approximately 90 Tcf.

CONCLUSIONS

The USGS has initiated geological studies aimed at characterizing
gas resources in the western tight gas reservoirs. The initial work
involves a large amount of compilation of surface and subsurface data.
Approximately 20 preliminary, regional stratigraphic sections, utilizing
electric logs and surface sections, have been constructed in order to
properly correlate equivalent gas-bearing intervals. Many of the rocks
being investigated are nonmarine deposits which have been extremely
difficult to correlate in the past. Computer processing of WHCS data is
in progress and will be refined for publication. Numerous rock thin
sections have been prepared and are being analyzed. Petrographic studies
of reservoirs to date have shown that the distribution of clays in pore
throats greatly reduces reservoir permeability. Whole-rock, clay-mineral
analyses show that a variety of clays are commonly present in a reservoir.
However, when the SEM is used in conjunction with X-ray fluorescence
studies, it can be shown that only one type of clay may be critical to
permeability and stimulation problems. Lack of recognition of the
distribution of clays in reservoir beds may account for anomalous results
of some production tests.
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MASSIVE HYDRAULIC FRACTURING GAS STIMULATION PROJECT

C. R. Appledorn and R. L. Mann

CER Corporation
P.0. Box 15090
Las Vegas, Nevada 89114

ABSTRACT

The Rio Blanco Massive Hydraulic Fracturing Project was fielded in 1974
as a joint Industry/ERDA demonstration to test the relative formations that
were stimulated by the Rio Blanco Nuclear fracturing experiment.(l) The project
is essentially a companion effort to and a continuation of the preceding nuclear
stimulation project, which took place in May, 1973.

The Ric Blanco projects are located in the northern part of the Piceance
Basin of Northwestern Colorado (Figure 1), one of a number of basins in the
Western United States that have substantial quantities of natural gas locked
in tight sand-shale reservoirs. These reservoir rocks are of such heterogeniety
and have such low permeability, however, that conventional methods of stimulation
have been ineffective and uneconomical.

GEOLOGIC SETTING

The Piceance Basin is one of two large structural downwarps that, with
their adjacent structural highs, dominate the geologic structure of Northwest
Colorado. Total structural relief in the Northern Piceance Basin (Figure 2) is
14,000 ft; more than 20,000 ft of sedimentary rocks are found here, of which
about half can be classed as tight gas sands and shales. Commercial gas pro-
duction is found mainly in the basal Green River and a lesser amount in the
Wasatch, both Eocene. A number of marginal and sub-commercial gas wells tap
the Fort Union (Paleocene) and Mesaverde (Upper Cretaceous) formations. Lower
Mesaverde and Mancos production is found in the southernmost part of the Piceance
and older formations are productive on the adjacent Douglas Creek Arch.

The gas bearing formations of interest in the project area (Figure 3), the
Fort Union and Mesa Verde, range up to 4,000 ft in combined thickness and are
estimated to contain as much as 74 billion cubic ft of gas in place per square
mile. The multiple sandstone reservoirs comprise lenticular shaly and silty
sands, primarily of fluvial origin, and of relatively limited lateral extent,
occuring intermittently throughout a thick section of shale and siltstone, as
shown diagrammatically in Figure 3.

RESERVOIR CHARACTERISTICS

In general, these tight gas formations comprise predominantly shales and
siltstones with a few cleaner sandstones; the sandstones are frequently shaly
and silty and contain water-sensitive clays. Net pay is difficult to differentiate

(1) Prepared for ERDA under Contract No. E(26-1)-623
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because of the gradational nature of the strata. Technical information is
scanty; many times, the tight gas sands have been drilled through and logged,
recognized as non-commercial, and eliminated from further consideration. As
a result very little detailed geological information has been made available
to more accurately assess the potential of these formations.

In the project area, the Fort Union Formation is about 870 ft thick.
The partial Saraband Ilog (Figure 4), shows graphically the variable nature
of the potential reservoir sands, which have substantial clay and silt content
and grade into the interlayered shales. 1In the two zones of interest, 5850 -
5872 ft and 5925 - 6033 ft, core and log analyses indicate a median porosity
of about 8%, with actual porosities ranging from 2 to 11%, water saturation

about 50%, and permeability to gas, as measured from dried cores, from 10 micro-
darcies to 2 millidarcies.

The Mesaverde Formation (Figure 5) is about 1690 ft thick to the lowest
sand penetrated, the interval from 6482 - 6800 ft being considered the Upper
Mesaverde and 6800 - 8172 ft the lower Mesaverde. Figures 5 and 6 depict two
intervals within the Mesaverde that were considered for fracturing. These sands
have a range of porosity of 3 to 9% and average about 7%. Water saturation is
60% and permeability to gas 8 to 60 microdarcies.

The reservoir characteristics of these tight sands are poor at best, and
as depicted by the logs and verified by minerologic and petrographic studies
have a variable, but usually substantial, clay and silt content. The gradational
contacts between the sands and the shales provide little impedance to vertical
extension of fractures. In conventional stimulation practice the physical
characteristics and strengths of the two rocks types, shale and sand, are usually
sufficiently different to control fracture extension. This however, does not
appear to be the case in the Fort Union and Mesaverde formations in the Piceance
Basin, because of the shaly-silty nature of the sand and the gradation between
rock types. There is also some evidence that the shale and silts are more
brittle than the sands, have a higher incidence of natural fractures, and are,
therefore, more susceptible to fracturing. As a result, the design and execu-
tion of a fracture treatment must be closely controlled to attain the desired
results.

Permeabilities in the low microdarcies range, such as are found in the
Fort Union and Mesaverde, are strongly and adversely affected by liquid sat-
urations and by compaction. Published results of work on similar tight sands
have been expanded by similar studies of Rio Blanco cores. In Figure 7A dried
core with an air permeability of about 50 microdarcies at surface conditions,
shows an effective permeability of 5 to 10 microdarcies at confining pressures
between 2000 and 3000 psi. 1In Figure 7B, the compacted samples show no per-
meability to gas at water saturations between 60 and 80%.

MHF WELL NO. 3

The Rio Blanco Unit MHF Well No. 3 is located in Section 11, T3S, R98W,
in Rio Blanco County, Colorado, near the center of the Piceance Basin. It is on
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lands dedicated to the Rio Blanco Gas Unit and is one mile northeast of the

Rio Blanco Unit E~0l1, the nuclear emplacement well, (see Figure 3). The MHF

3 well was spudded on May 21, 1974 and completed on September 13, 1274. A

total of four strings of casing were set. The 10-3/4 in. OD intermediate casing
was set at 5603 ft in the top of the Fort Union Formation, casing off all the
overlying Wasatch and Green River; 7 in. production casing was set at 8162 ft

in the lower Mesaverde.

A total of ten cores were cut between 5925 - 7085 ft. Five drill stem
tests were attempted, but only one was considered successful; one test failed
and on three tests packers leaked during shut in, a measure of the competency
of the strata. Air and stable foam were used to drill the hole from 5063 -
6240 ft. Measurements of gas flow from the open hole section through this in-
terval aided in determining the reservoir quality of the sands; these rates
ranged from 10 MCF/D to a maximum of 89 MCF/D. During the drilling of the well
and after its completion, the hole was extensively logged.

FRACTURE TREATMENTS

The well has been fractured a total of four times: twice in the lower
Mesaverde and twice in the Fort Union. A fifth zone, in the Upper Mesaverde,
was extensively tested but abandoned as being of insufficient quality for frac-
turing. Our self-imposed limits for fracturing required a minimum of 0.2 md-ft
productive capacity or 5 microdarcies permeability in the zone.

Table 1 shows the characteristics and results of each of the fracturing
treatments. Preparatory operations have been similar for each; the well is
first perforated dry and the zone allowed to produce naturally for a short
period. The perforated interval is then broken down with 5,000 to 10,000 gals
of 2% KC1 brine using ball sealers to assure breakdown of each perforation.

This initial treatment is cleaned up and the zone flowed for 5 to 10 days, after
which the well is shut in for two weeks to one months for pressure build up and
analysis. This procedure permits the determination of the natural productive
capacity, kh, upon which determinations of fracture capacity, and to some extent,
geometry are based.

After completion of pre-frac analyses, the zone is given a massive hy-
draulic fracturing treatment. This is followed by a clean up and flow period
of about two months. A packer is set on tubing above the zone during the initial
clean up in order to reduce after flow volume. After gas flow has stabilized
and about 55 to 60% of the frac load recovered, the well is again shut in for
buildup, usually for two months.

The results of our fracturing treatments are now being analyzed. The
experiment has essentially been completed, lacking only a flow test of the com-
bined zones and final analysis. A complete report will be published in the future.

CONCLUSIONS

The work in the Rio Blanco Unit MHF 3 was established as an experiment to
test the usefulness and economics of massive hydraulic fracturing in the Fort
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Union and Mesaverde sands of the Piceance Basin and to obtain a comparison of
the technique with nuclear stimulation. Recent large fracturing treatments

in other selected areas have been very successful, but the success ratio in
areas of previously non-commercial reservoirs such as the Piceance, Uinta, and
Green River Basins has been poor.

The participants in the project have conducted extensive studies to de-
fine optimum fracturing design and technologies, fluid formation compatibility,
possible remedial measures, and the variables associated with stimulation in
these difficult areas.

In the four treatments, none appear to have fractured laterally as
designed. 1In the Fort Union and Mesaverde each well must produce from numerous
lenses of sand, the lateral extent of which appears to be limited. This lentic-
ularity substantially reduces the overall average permeability, formation pro-
ductive thickness, and effective drainage area available to the fracture.
Calculated propped fracture lengths are quite short. In our analyses we have
surmised very low fracture conductivities, 1/5 to 1/20 of design. Current
analytical techniques assume infinite fracture conductivity. One MHF analytical
effort has been able to obtain good performance matches in modelling continuous
sands, but have had to reduce net sand quantity by 75% to match the production
performance of lenticular sands such as those in the Mesaverde. We postulate
several possibilities: We are fracturing out of zone with vertical propagation
of the fractures instead of horizontal as designed, the sand lenses have sub-
stantially smaller dimensions than design fracture lengths, and conventional
logging and analytical techniques available to us are not sufficiently dis-
criminatory in these environments to differentiate net pay from non-productive
formation. We think all of these possibilities are operative in the tight gas
sands.

We need to develop techniques that will define, if not control, the ex-
tent, shape, and orientation of fractures. This is primarily a function of
mechanical rock properties and existing rock stresses; our knowledge in these
areas is deficient. Geologic analyses are required to define areas of maximum
sand content, the probable extent and distribution of lenticular sands, and
the stratigraphic and structural features that affect or control sand distri-
bution and fracture orientation.

Fracturing fluid technology is quite advanced, but additional work is
required to define viscosity changes with temperature, especially as it relates
to fracture extension, closure, and proppant transport. In-the first two of
our treatments we used a polyemulsion suspending type fluid, and the last two,

a single phase equilbrium bank fluid. Fluid returns after fracturing have been
comparable for the two types of fluid, except for one abberration: In frac No.
1 we had a preferential return of the lighter napthenic-oil over the heavier
diesel oil from the frac oil mix. Sand recovery after frac has been nominal,
less than one percent of frac volume, except in the third frac which sanded out.

The reservoir rock properties of commercially productive reservoirs are

substantially better than in these tight gas sands we are now evaluating. They
are less affected by compaction and relatively slight changes in saturations.
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The usual industry techniques for determining porosities, saturations, and
permeabilities can be relied upon to produce acceptable if not precise answers
in those formations. However, as the reservoir rock properties become poorer,

the standard industry practices for determination of these variables becomes

suspect.

is critical.
appear to give reasonable results.

The need for new and better techniques for evaluation of the parameters

Determinations of bottom hole temperatures, pressure and porosity
However, accurately defining water, oil and

gas saturations, permeability, and differentiating net pay, particularly under
in situ conditions, are major areas where the present technology is lacking.

Techniques must be refined to define these values in tight, shaly-silty sands,
and their relation to productivity.

With the current state of technology, our best determinative technique
Accurate predictions of production depend upon

reliable pressure testing, and in tight sands of the Western Rocky Mountains,
this currently requires long term flow, followed by long term build up; each
phase on the order of two to four months.

is still long term testing.
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TABLE 1
FRACTURING TREATMENTS—MHF 3
FRAC. NO. ! 2 - 3 4
ZONE 8048-8078 ft. 7760-7864 ft. 6736-6806 ft. 5925-6016 ft. 5851-5869 ft.
L. Mesa Verde L. Mesa Verde U. Mesa Verde Fort Union Fort Union
Single Sand Multiple Sands Multiple Sands Multiple Sands Single Sands
PERFS 25 40 12 20 36
BHT 242°F 225°F 210°F 201°F 197°F
NAT. FLOW 1 MCF/D 5-10 MCF/D 5-10 MCF/D 42.5 MCF/D 56 MCF/D
AFTER B.D. 60 MCF/D 57.3 MCF/C 27.7 MCF/D —_— —
BHP 3450 psi —_— 2828 psi —_— 2092 psi
MHF Poly E, Sus- Poly E, Sus- No Frac Logel kel brine, Loge! kel brine,
pended bed. pended bed. Equilibrium Equilibrium
117,500 gal. 285,000 gal Bank. Bank.
400,000 ibs 880,000 Ibs 344,000 gal 228,000 ga!
Naptha-type Diesel Naptha-type Refined 809,000 tbs 448,000 Ibs
mix refined oil, oil, ket brine
kel brine
FRAC RATE 16-22 BPM 45 BPM 20-25 BPM 15-25 BPM
TREAT PRESS. 4880-5800 psi 3800-5300 psi 800-5500 psi 1200-5000 psi
ISIP 4500 psi 3170 psi Sand Qut 4450 psi
FLUID REC. 59% 59.5% 65.5% 56.4%
GAS RATE 60.7 MCF/D 137 MCF/D 160 MCF/D 69 MCF/D
PROD. CAP. 0.15 md-ft .3 md-ft 0.017 md-ft. .3-.5 md-ft .3 md-ft
CALCULATED
FRAC LENGTH 110 - 170 150' 100’ 20'- 30
(Type Curve Match)
REMARKS Sand Return Plugged by fm. Zone Squeezed Zone Squeezed Rec. 6200 Ibs
Negligible solids (Fe minerals.) Sanded out on frac- sand.

Rec. 7000 Ibs sand.
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DEMONSTRATION OF MASSIVE HYDRAULIC FRACTURING
MESAVERDE FORMATION, PICEANCE BASIN, COLORADO

by
J. L. Fitch
Mobil Research and Development Corporation
P. 0. Box 900
Dallas, Texas 75221

Abstract

Demonstration of the efficiency and economics of massive hydraulic fracturing
(MHF) in Yow permeability gas reservoirs is the objective of this project. It
is being conducted by Mobil Research and Development Corporation with support
from the United States Energy Research and Development Administration, The
test site is the Piceance Basin in western Colorado, The Mesaverde Formation
in this basin is more than 2500 feet thick and contains numerous gas bearing
sands, Mobil has conducted one MHF test in the Basin which failed to achieve
commercial production because of extremely low reservoir permeability.

The current test is in the Piceance Creek Federal Unit, Section 13, T2S, R97W,
Rio Blanco County, Colorado, The well has been driltled, logged, and cased to
10,800 feet, Cores were taken at 8840-8500 and 9940-10,000 feet, Standard

core analysis gives porosity of the sands less than 10% and specific permeability
less than 0,1 md, Logs of the Mesaverde Formation in the test well are similar
in character to those obtained in the nearby well No, 54=13,

The lowest interval containing sands suspected to be of reservoir quality has
been perforated from 10,549 to 10,680 feet, Gas inflow rate after perforating
was estimated at 250 MCF per day, declining to about 100 MCF per day after
flowing for about two days.

If additional testing shows the interval to be suitable for MHF, it will be
fractured with about 600,000 pounds of sand carried by a cellulose gel. Additional
intervals will be tested for suitability for MHF and up to six fracturing treatments
performed. Completion of the project is scheduled for late 1978,

Prepared for the U,S, Energy Research and Development Administration under
Contract No, EY-76-C-08-0678.
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DEMONSTRATION OF MASSIVE HYDRAULIC FRACTURING

MESAVERDE FORMATION, PICEANCE BASIN, COLORADO

INTRODUCT |ON

Demonstration of the commercial feasiblllity of masslve hydraulic frac-
tfurlng (MHF) In the Mesaverde Formatlon of the Plceance Baslin, Colorado,
Is the purpose of this project. Mobl! Research and Development Corporation
(Mobl!) and the U.S. Energy Research and Development Administration (ERDA)
are jolntly funding the project. I+ Is generally recognized that

vast quantitlies of natural gas are present In the Mesaverde Formatlion

In the Rocky Mountain Province. The Mesaverde [s more than 2500 f+t.

thick in the Plceance Basin and contalns numerous gas-bearing sands.
Mobll's prior efforts to develop thls resource and plans for the current
project have been discussed In a previous paperI. Lack of commerclal
success by Mobl!l, and oThersZ, In the Plceance Baslin Is attributed

to the extremely low permeabli!ity of the Mesaverde sands.

Site of the Mobli-ERDA test [s the Plceance Creek Fleld which [s focated
on a large structure In the northeastern part of the Basin. Limited
test data from two previous Mesaverde penetrations In the Fleld

indlcate that at least some of the Mesaverde sands have properties

which are favorable for appllication of MHF ',

PROGRESS OF THE PROJECT

Driliing and Casing

The test well Is In Section 13, T2S, R97W, Rio Blanco County, Colorado.

The well was drilled and cased by Signal Driiting Company, Rig No. 5

in 68 days, beginning April 2, 1977. Seven Inch casing was set to near

the total depth of 10,800 feet and cemented from T.D. to about 8,100 feet, in
a single stage, using a high-strength, [ight-welght cement.

Cor Ing

Cores were taken in the Intervals 8440-8500 and 9940-10,000 ft.
Approximately one-half of the cored material Is classifled as
sandstone. Standard core analysis shows that porosity varlies from
about 5 to 10%, averaging about 8%. Speclfic permeabliity of all
samples Is less than, or equal to, 0.1 md. Core analysis results

are shown In Tabte |. Tests of permeabl!tlity under conflining

stress conditlons have been performed on selected samples; these
results are shown in Table 11. Permeabillity of these samples Is also
belng measured under simulated formatlion conditlons of confining stress
and water saturation, but the results are not yet avallable. Although
these data are quite limlited, the results suggest that In-situ permeabl{ity
of the sands represented by these samples is In the micro-darcy range.
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Logglng

Open-hole iogs [nciuded; dual-induction with SP, Compensated

Sonfc with Y-ray, Compensated Density and Neutron Porosity,

and 4-Arm Caliper. All logs were run to 10,600 ft., the origlinal
planned depth. A good mud gas show near 10,600 f+., lead to a
declisfon to dril} +to 10,800 ft. Induction and Sonlc logs were run
over thls additional Interval.

The log characteristics are simllar to those recorded In near-by

well No. 54-13, Some of the sands can be correlated from well to well;
a majorlity of the sands can not, suggesting that the extent of most sand
lenses Is less than about 2000 ft+. (The distance between the surface
locatlon of these two welis is about 1700 ft.)

Core data were used to callbrate the porosity logs. Log derlved porosity
of the sands varles from about 5 to 12% with a few thin I[ntervals having
porosity up to 15%. Water saturation Is very difflcult to determine

due to uncertalinty In Ryw. None of the sands can be sald with confldence
to have 100% water saturation and no formation water samples have been
obtalned which are known to be free of contamination, elther by flulds
Introduced through the wellbore or by water condensed from produced gas.
Because of this uncertalinty, net pay can only be determined by flow
tests. The logs are being made avallable to commercial log Information
service companlies.

Testing

Intervals which contalin promising sands wil! be perforated, broken down

wlith a small amount of flulid pumped at fracturing pressure, and flow

tested. |In addition to the usual! flow rate and pressure bulldup data,

a combinatlon nolse and temperature log will be run to determine the locatlon
and approximate amount of gas flow.

The first zone tested Is at 10,549-10,680 ft. This 131-f+. Interval
contalns some 60 ft. of "sand". The entire Interval was perforated
with 49 jet shots. The Borehole Televiewer (BHTV) was run to
determine the number of these shots which penetrated the casing. The
results show 35 positive holes and 7 probable holes. Natural flow
from these perforatlions was 250 MCF/day dec!ining to about 100 MCF in
two days.

A breakdown treatment was performed wi+h 5000 ga!. of 2% KCI pumped

at 8 bbl/min; 70 balls were dropped during the treatment but bail-off
was not achleved. Peak flow rate after the test was about 400 MCF/day,
declining rapidly. A pressure bulldup shows kh = 0.3; skin about

=4; these results are shown [n Figure 1,
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Fracturling

A declslon has been made to fracture the Interval 10,549-10,680 f+.
even though [+ does not have the desired 0.5 md-ft. Thls declslon
was based on the following consliderations:

1.

The zone Is somewhat thinner than antliclpated and Its
permeabl!lity Is in the range deemed acceptable, l.e.,
equa! to or greater than 0.005 md.

The 0.5 md-ft criterion may be too restrictive because
[t was based on calculatlons of economics which assumed a
fower gas price than that which wiil probably be obtalned.

The zone has relatively good log-derived properties and
exhiblted the best mud gas show obtained In the well.

A fracture treatment would provide valuable data for use In
evaluation of test data from shallower zones.

Sequentlal upward perforating and testing, without fracturing,
places serious mechanical constralnts on-subsequent fracturing
of the lower, bypassed zones, If this should prove desirable.

The fracture treatment has been designed to accomp!ish several
ob jectlves:

1.

4.

To positively prop the fracture over most of.Its helght,
since the top-most sand appears to be the best one In the
Interval.

To frac the entire interval by the |imited-entry technlque.

To obtaln a propped fracture long enough to obtain a high
degree of stimutatlon of lenses assumed to be of the order
of 1000 ft. In total length but short enough to reduce the
chances of the fracture propagating out of the zone.

To test the effectlveness of a relatlively low cost treatment
In this formation using an aqueous fluld.

The treatment selected to accomp!ish the above objectlives calls for
600,000 pounds of 20/40 mesh sand carrlied by a 40 pound/1000 gallons
cellulose gel at 60 barrels per minute. Detalls of the treatment are
glven In Table I1l. The treatment Is scheduled for June 22.
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FUTURE PLANS

After fracturing the well will be flowed at a measured rate for at
least three days then shut In for a bulldup for at feast fwice the
filow perlod. Nolse-temperature logs will be run during the flow

perlod to determine the points of gas Influx and the approximate
amount of fiow at each polint.

Following fracturing and flow testing of the flrst zone, It wiil be
plugged off and another zone wiil be selected for testing. The
same procedure will! be used in testing of additional zones as for
the first one, [.e., perforate, run BHTV, breakdown with KC!, flow,
run nolse-temperature log, perform pressure bulidup. Sultabllity
of the zone for MHF will be determined from the test data and from
the results of the frac job on the flrst zone. |f the zone Is
found sultable for MHF, [t wlil be fractured and tested In the same
manner as the first zone. |If the zone tested Is determined to be
not sultable for MHF additional zones will be similarly tested
untll a sultable zone Is found. It Is estimated that as many as

6 Intervais wiil be fractured. Present plans call for 3 frac jobs
In 1977 and 3 In 1978.

ACKNOWLEDGEMENTS

The contributions to this project of many employees of Mobl! Ofl
Corporatlion and Mobll Research and Development Corporation are
grateful ly acknowledged. Speclal thanks are due to R. H. Lasater,

W. J. Dudieson, D. H. Smith, W. L. Medlin, M. K. Strubhar, E. E. Glenn,
W. F. Baldwin, and A. B. Cralig. Permission to publish this paper

has been granted by Mobl} Research and Development Corporation.

REFERENCES

1. Fltch, 4. L., "Demonstration of Masslve Hydraullc Fracturing to
Stimulate Gas Production from the Mesaverde Formatlon, Plceance Baslin,
Colorado," Second ERDA Symposium on Enhanced Ol and Gas Recovery,
Tulsa, Sept. 9-10, 1976.

2, Linviltle, BItl, Ed.; "Progress Review No. 9, Contracts and Grants

for Cooperatlive Research on Enhancement of Recovery of Ol! and Gas,"
ERDA Bartlesvilie Energy Research Center, Tulsa, April, 1977.

E-3/5



: - 24
FIGURE 1
PRESSURE BUILDUP DATA
PICEANCE CREEK WELL F31-13G 1
10,549-10,680 INTERVAL
1w - &‘w_nm_ﬁ_
Fo o (S000(00000) | g gy
O e e I e R N R S O
1T . -703 kh (prz - pwz) r 7I
= Skin = ~iTq - In (L472 r—d) '*“-‘—"41 .
T W a[]
s . menesxh Ty -
R (.02) (700) (300, 000) N ﬁ;
4 s := 4-3‘8 - m"ﬂ / : 12
e . Nn-z
ﬂ“ B '9/
JIT & ‘0
[ “L\l
. g/
= % g
x 7
™
L) ,:\‘Ll
. & | °
T - > ]
o b L[] J
) S DO S I _ b
- —|— E %
do ) Jod b e LA |
! ! 2
. b l I .
3 - t + At
At
DI B B E R I B B =

E-3/6




‘uodn 2a1aJ 10 Pash 1 110431 YINS YIYM Ita LOIIIIVUAD UT PUTS 10 (1M [RIIUTW 35410 10 382 10 Auv Jo $3ulyqeijosd 10 ‘suone1ado 13d01d K 1undnposd ayl o1 st Tuontiusadas
30 Kyursrem ou axFws pur K3mQrauodsas ou awnsse ‘53aK0|dwa pue $1301))0 Sit PUE '3uY *SILOITIOQET 270 1nq (P21d0Xa SUOHTIWO PUE S1012 [IB) “JU] ‘SHI0E10QET 310) JO wawrdpnl 152q 1 WuRIdar psardxy
suotndo 10 Fuohiesa sl YL “Ipewt 67 1J0dII S TSN [FIUIPLUCO PUE JATINIINS ISOUYM 10] PUR ' WOYM O3 JUAND Yy Aq PHIAANS s{FIIjew PUE SUOHIZAIXQO UO PIseq 3i¢ suO1EIdIdINUY Jo suotndo ‘suAjrue Bayy

QIVALAS AWTI/AQS
OIT¢ALTSHANTI/AQS
SHIS HS4ALASIANTAS
OTA/ASHALS ANTIAS
ALTS4AKN4QS
DINALTSAWTI/ACS
3A4HS
dAAHS ALTS e ART¢ QS
AHS/AS¢ALTS AW/ AS
AHS/ZS+ALTS 1AW 43S
AHS/ZASHALTS AN QS
AHS/AS¢AWTI/AQS
QI AATI/AQS

SHMLS HSAWTI/AQS
AHS P ANTI/ALQS
3AYALTISHHS
JALAHS P AQS WY
AATAHS 44N
dA4AHS/TS4AQS 4T
A AHS/AS ACS ‘W7
AAAHS/AS CANT/AQS
3ACAHS/ISHANTY/AQS
AALAHSHALTS A ARTIICS
SAIAHSALTIS AN (S
INCAHSHALISAWT4QS
JAIHS

O D s A > s i = s W s e

NOIldIv¥dS30

9 48424 INOILVA3N3
HONd  t¥33INIONT
tON 3014

6G68~-20he

*N3Q
*¥9

1°99 0°0 56 1°0> 0°'ub=0°'Lb6hd K2
S'69 0°0 G'g [°0> V*L6=0'96nd 2¢
6'69 0°'C g9 1°0> 0°96=0°Gohd 12
L*h9 0°0 2'6 T°0> 0°Go=N*heng 02
G'TL 0'0 G'9 1°0> 0°hH6=~0°Cohe 61
G*8h 0°0 8L 1°0> 0*'Ch=0°'26he 4T
0°26=-0°99hy
9'R8S 0°0 gL 1°0> 0°Y9-0°29ng LT
h’GGg 0°0 2'e T*0> 0°L9~-0*yvhy 9T
G*'0S 0°*0 S8 1°0> 0°99-0°Gonhy GI
6°'Gh 0°'0 9y T°0> 0°G9-0°h9nyg hi
c*0hn 0°'0 Lo L 10> 0°h9~-0°¢C9n8 ¢
h*1S 0°0 LeL 1°0> 0°CyY=0°29nhy 21
2'8h 0°0 2'9 1°0> 0°29=0°1909 (1T
g°19 0°0 G*'S T°0> 0°19=0*09n3  OfF
0°04y=0°2GhY
6*hG 0°0 6'h T°0> 0*2G=-0°*1GhY 6
h*¢S 0‘0 6°'2 1°0> 0°1G=0°0Gn"Y @
0°'SS 0°'0 Hey T°0> 0*0G=0'6nhY L
0°6S 0°'0 L*2 [°o> 0*‘6h=0°¢gnhg 9
g°gg 0°'0 L'L 10> 0'dh=-0°Lhh8 G
9*ng 0°0 18 1°0> 0°'Lh=-0"9hhY h
L'9G 0°*0 96 [*o> 0°9h=0*'Ghhy ¢
1°9G 0°*0 ‘e T°0> 0°Gh=0°nhny 2
6°'GG 0'0 h*'g [°0> 0°hh=~0°Chng T
0°Ch=0'0nhy
SISATUNY 9Nd MIYLS NvIQ
*YLNM 110 IN3DY¥3d 9Nd H1d3Q *ON
*SivsS gInig ALl1S0¥0d *OW MIV Ol °*wWy3d * dWS

MLB-SZ=CT *23S IN MmN INQILYIOT
aNW 3Sv¥d H3Lvm (QINT4 *9774a
3Q43AYS3IN INOTILVWHOJ

LL/2/9 :3lva

OQv¥0102 “ALNNODY OINVIY OId
Q7314 %3390 30NV3IDId
OLT=-T1¢H LINN ©33") 3INVIDId
NOTivHOdd0d 10 TIUOW

SVX3L 'SVYIlVWO
Quttrsutduyg 11042950y Wwnajossay

"ONI 'S31401lvyd08VvY1 340D

1 3nevl

E-3/7



uodn Parjaz 10 pam 6 130da1 YONS YINYM YiIM UOHIIIULGI WY PUTS 10 [[Im [€IUTW 31410 10 5¥8 ‘110 Aue jo d 10 * do 13dosd ‘L yandnposd wy) o) e d.

20 Awrirem oy axrws pur Liiqisuodsas ou Jwnsse “$2a401dwa put $3301310 531 pue *ouy ‘say, qy 210D 3nq ‘(pard | pue 110113 fle) "du]

)
Sonf

qe] 2103 jo pal 1aq ayy das p

e

Tuorido Jo suotie1asdiain ayy, “aprus £ 1oCal SIY) *AN [FUIPLUCO PUS IABN[IX MOUM 10) PUT ' WOYM 01 UMD q) Aq parjddas siersaisw pus suoKRAINGO UO Paseq 1% suonitiaidiain 10 suoando ‘smAieur x|

AWT/ZTS 4HS
AHS/AS 4 AW ¢QS
AHS/AS 4 AWTIAS
AHS/S 4 AWT4AS
AHS/TS¢AWT4QaS
AHS/S AW AS
AHS/TS ¢ AWT¢AS
AHS/TSAW4aS
AHS/IS ¢ AWTI¢AS
AHS/IS*ANT¢CS
AHS/S 4 AWT4QS
AHS/AS 4 AW GS
AHS/AS 1AW QAS
AHS/AS AW QS

AHS4ALAS/IS AW US
AHS/TS ¢ AWTQS
AHS/ZSAWT4dS
AHS/SAWAS
AHS/AS 4 AW ¢AS

HS/TS¢ALS/TS AWTIAS
AW QS

AWI/AIQS
ALTS/AS¢AWTI/S 4GS
AHS/AS 4 AWT/TS4US
AHS¢ALNS ¢ AW/ S ¢ AS
AHS/TS4AWTI/A QS
AWTI/IS4ALAS S

QI ALTS AW QS
QIT4ALAS1 AN QS

e P o > =B i oy P D

NOILdI¥IS3a

HONd $YIINION3
cON 3714

6568-20hH8

0°6L=0°2L66
h*gh 0°0 hL T°0> 0°2L-0°*TLob 0§
8°'Gh 0°0 6'¢ 1°0> 0°TL=0°0L66 6h
0*8n 0°0 €*e 1°0> 0°0L=0'6966 9
T°Sh 0°0 L8 1°0> 0°69-0°8966 Lh
G°28 0°0 L'g T°0> 0°89Y=0°LIn6 9h
w'8h 0°'0 h*6 T°0> 0°L9-0°9966 Gh
6*'GS 0°0 g8 T°0> 0°99=0°G966 hh
T*6h 0°'0 6°8 T°0> 0°G9-0*h966 ¢h
9'6h 0°'C0 6°8g T°0> 0°h9=0°C966 2Ch
h*¢s 0°'0 c'g T°0> 0°C9-0°2966 TIh
L'6% 0°'0 L'® t°o> 0'29=-0°1966 0h
¢'en 0°'0 €'6 T°0> 0°19=0°0966 6¢€
0*'1T9 o0°0 €L T°0> 0°09=-0°6G66 8C
T*¢ch 0°0 he 1°0> 0°6G-~0°9G66 LT
6°'9h 0°'C h*6 T°0 0°9G-0°LGhb6 9¢
£'65 92°'0 1°8 10> 0°LG=0"9Gn6 GTC
6'Gh 0°0 ¢*6 1°0> 0'9G6-0°G6G66 Nt
0*'te 0°'0 ‘6 10> 0°'GG=0*hG066 €S
0*'hG Q°0 6'9 1°0> 0'hG=0°¢Go6 2¢
G*8s 0°'0 G*L 1°c> 0°€G=0°2G66 I¢
£'G8 0°0 1°'S 1°6> 0°2G=0°1G66 0%
£€'65 0°0 g°9 1°0> 0*1G6=-0°0G66 62
h*0S 0°'0 18 T°0> 0°0G=0°6h66 82
0*26 0°0 9L T°0> 0°6h=0°"8n66 L2
6°'69 0°'0 0°g 1°0> 0°gh«0°Ln6h 92
0°Lh=0°Chob
a3nlya 0°‘Ch-0°00GY
2*'89 0°0 9*h 1°0> 0°00~0"n6hY G2
L*eL 0°0 0°'s T°0> 0°'66=0°g6hd hZ
‘uLimM 10 AN3D¥3d 20d Hld 3d *ON
*Slvs gIn1d ALISON¥0Od ‘UWN dIV Ol *wWy¥id *dWS
30Y3AVS 3N INOILVIWYOd OCT=1Ce LINN X334 3ONVIOLd
LL/2/8 $31va NOILvHOd¥0d 10 TICOW

SYX34 ‘SVYvIivao
RursssuiSuy 41004350y wnajousrayg
"ON} ‘S31HOLYHOSVY 3HOD

(ponuyiuo3)
I 378vs

E-3/8



‘uodn paras 10 PIsn 1 1101 YINS YINYM QM UCII3ILUOD U PUES 1O J[am [RIIUNW S3Y10 10 333 {10 Aue jo sauajqeioid 1o *suonesado 1adoid ' Kiunonpoid agt o) se suottuzadar
10 Aiuwysem ou 3yew pue Aiiqisuodsal ou swnane's

Aordwa puE $1aMJJ0 Fit PUE *SUT '$ILOLRIOQYT 210D INQ *(P3IINI SUOKKIWG  PUT $10133 ([F) Su[ “SIOILIOYTT 210 J0 WwauTPnT 18ay ay) JuRdas pasaidas

$u0tdo 10 SUOIRI3IdIaUT YT TIPTWS §1 10d I SII AN (BIUIPGUCD PUR IAISRIIXI ISOYM J0) PUE “WIOYM 01 IUND Y3 £Q paddns sieiaiews pur sUONTAIZBGO WO Paseq a1t suoneldsdinm 10 suowndo ‘sahjeue xayy

AHS/TS 4 ANTT/S QS
AHS/TISANT/TS4QS
AHS/AS AW QS
AHS/S ¢ AWTI/AQS
AHS/ASANT/AIQS
AHS/AS ANT/ACS
AHS/ISARTI/AQS
AHS/S ¢ ART/AQS
AQS/TS4HS
AHS/TS ¢ AWTI/AQ3S
AQS* AWNTIHS
AHS/ISANT/AQS
ARS/TSYAKT/AQS
AHS/TSHART/AGS
AHS/TISEARTI/A0S
AHS/TSAQS ‘W7
AQS/SHS

D ot > Al D s A s D i T A D e e i

NOTILldI¥IS3a

HONd $Y3ANIONI
6G68~-20h¢ $ON 3713

89°'2
892
oL'e
69°2
692

*N3C
=B

¥'Lh 0°0 L' 1°0> 0°20=0°60666 h9
I°8n 0°'0 S*L T°0> 0°n6=0*Bo66 £9
1*0h 0°0 €8 10> 0°6=0*L666 29
6°Sh 00 9*9 10> 0'Ln=0°9066 I9
g8'¢h 0°'0 gL T°0> 0°96=0'GHhe6 09
6°ch 0°'0 6*'9 1°0> 0°'G6~-0"1606 6§
£€'9% 0'0 g's 1°0> 0°h6-0°C6o6 8S
G*'9n 0°0 nth T°0> 0°'C6=0°2606 LS
0°26=0°0666
L'98 0°0 0*n 1°0> 0°06-0"6866 9G
0°68=0"dy66
0*99 0°'0 g's T°0> 0°¥8=0°LY66 GG
0*Ls 0°0 0°s 1°0> 0*'Ld=0"9966 NG
€09 0°'0 L*h 1°0> 0°94=0°GYn6 €S
g'¢s 0°0 9°'h o> 0°GH-0°*nd66 26
6°'08 0°0 Lee 1°0> 0*h8=0°¢C806 1IG
0°Ca=0°0866
3403 1S07 0°08=0"'6L66
*YLiM a10 1IN3D2d3d 9N7d H1d430
‘Slvs aIinid ALISO¥Od *Ow ¥Iv Ol °*wWd¥3d * dWS
3UU3AVS 3N SNOILVWYEOS OCT~ICH LINN %33¥) 3IONVIILI
LL/2/S :3ilva NOILvHOd4Y0D TI0 1I4G0W

SVX3IL ‘SVYiva
Jursaaupdug 11044352y wnajosrayg

ONf "S3IHOLVHOSYT IHOD

{panu)3u0))
{3nave

E-3/9



CORE LABORATORIES, INC.

TABLE |

{Continued)

Petrolesn Reservoir Engineering
DALLAS. TEXAS

CORE STMMARY

Company MOBRIL OTY CORPORATION
Well PICEANZE CRFEX NQ, F31-13G
Page 4 of 4 File 3402-6959
HORIZONTAL SATURATION GRAIN
DEPTH . PERMEABILITY, Md POROSITY OIL YATER DINSITY
8443~ 8448 <0.1 8.6 0.0 55.8 2.69
8448~ 8452 <0.1 3.7 0.0 55.1 2.70
8460- 8468 <0.1 7.5 0.0 51.5 2.69
8492~ 8498 <0.1 8.0 0.0 65.0 2.68
8498~ 8500 <0.1 4.8 0.0 73.0 2.69
9947~ 9954 <0.1 6.7 0.0 57.1 2.68
9954~ 9972 <0.1 8.6 0.0 49.7 2.68
9983~ 9988 <0.1 4.5 0.0 63.6 2.69
9992-10000 <0.1 6.9 0.0 45.3 2.68
TABLE 11
PERMEABILITY OF SELECTED SAMPLES UNDER
CONFINING STRESS AND SIMULATED RESERVOIR CONDITIONS
Permeability in Md
Depth
Ft.
Confining 8463 8468 9953 9960
Pressure-Psi
500 .0159 .0190 .0187 .0316
1000 .0128 L0140 .0151 .0246
. 2000 .0083 .0089 .0094 L0141
3000 .0054 .0051 .0064 .0100
5000 .0030 .0025 .0038 .0048
Porosity % 7.7 7.8 L.7 7.3
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TABLE 111

Gel: 40 1bs, of cellulose polymer/1000 gal
Sand: 20-40 mesh

Pump Rate: 60 barrels/min,

Treatment Schedule:

Incremental Vol., Gal. Sand, lbs/gal
10,000 0 (pad)
150,000 2
80,000 2%
33,000 3
15,000 0 (Flush)
Totals 288,000

Calculated Frac Properties:

Created Length: 1700 ft, (wellbore to tip)
Propped Length: 700 ft. (wellbore to tip)
Created Width: 0.55 in.
Propped width: 0.38 in.
Propped Helght: 130 ft.

Data Used in the Calculations Above Include:

Frac height (assumed): 150 ft.

Fox field (effective) stress: 2000 psi
Porosity: 10%

Young'!s Modulus: 6§ x 106
K' (consistency index of frac fluid): 0.001

N' (flow behavior index of frac fluid): 0.75
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THE RULISON FIELD
MASSIVE HYDRAULIC FRACTURING EXPERIMENT

By:

Miles Reynolds, Jr.
Austral Oil Company Incorporated
2700 Exxon Building
Houston, Texas 77002

ABSTRACT

The Rulison Field, Garfield County, Colorado, has seven
producing gas wells completed in the Mesaverde formation. One of
these wells, the Federal #3-94, was selected for a massive hy-
draulic fracturing experiment. The Federal #3-94 has a producing
history of more than ten years.

The experimental fracture treatment was applied in two
stages treating separately the gross perforated intervals from
6198' to 6363' (Stage 1) and 5170' to 5630' (Stage 2). Approxi-
mately 485,000 gallons of gelled water, 1,070,000 pounds of sand
and 500 standard cubic feet of nitrogen per barrel were used. A
brief cleanup flow period was allowed between stages. The frac-
ture treatments were performed in August 1976.

The treatment was designed to extend a fracture approxi-
mately 1400' from the wellbore with a propped fracture width of
0.176 inches. The production increase was expected to range from
5.5 to 6.2 times the pre-treatment rate of 35 thousand standard
cubic feet per day.

The results of the massive hydraulic fracturing treatment
were poor. Production of gas was enhanced by a factor of less
than 2. The average flow rate during early 1977 was about 50
thousand cubic feet per day. The lack of success is attributed
to both low reservoir permeability and a restricted reservoir due
to sand lenticularity.

Prepared for the Energy Research and Development Administration
Under Contract No. EY-76-C-08-0679.
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I. History of Rulison Field

The Rulison Field (Figure 1) discovery well, Juhan #1,
Garfield County, Colorado, was completed in the gas bearing
Mesaverde formation in 1952. Subsequent drilling through 1956
resulted in six (6) additional Mesaverde well completions.

Two additional Mesaverde wells were completed by Austral Oil
Company in 1966 to gather data for the Project Rulison feasibility
study. Project Rulison was a joint industry-government eXxperiment
to assess the feasibility of stimulating the flow and recovery of
natural gas from the Mesaverde formation by fracturing with a
contained nuclear explosive. The project was completed in 1971.
(See References)

One of the wells which was completed in 1966, the Federal
#3-94, was selected for the massive hydraulic fracturing experi-
ment described herein.

II. Federal #3-94; Completion and Production History _

The Federal #3-94 was completed in the Mesaverde formation
with a 7" casing liner fully cemented from 4432' to 6505'.
Perforations in the 7" casing span the interval from 5170' to
6353' and are grouped as follows:

1. 5170-5434'; 20 holes (selective perforations)

2. 5484-5630'; 20 holes (selective perforations)

3. 6198-6205'; 14 holes (2 holes/foot)

4. 6333-6353'; 20 holes (1 hole/foot)

Each group of perforations was initially (original comple-
tion) treated with the following volumes of fluid (water inhi-
bited with 2% potassium chloride) and propping agent:

Perforation Group Gallons Fluid Pounds 20-40 Mesh Sand

1 50,568 46,200
2 81,900 83,538
3 42,000 42,000
4 53,300 60,000
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This treatment resulted in an initial producing potential
of 595 thousand standard cubic feet of gas per day. Upon sub-
sequent connection to a pipeline, the well exhibited a behavior
typical of the wells in this field (Figure 2). A steady decline
in both flow rate and pressure were observed through 1970.
Thereafter the flow rate was governed by the fluctuations in
pipeline pressure. As of July 30, 1976, and prior to MHF treat-
ment, cumulative production from the well was 181.228 million
standard cubic feet.

The selection of this well for a massive hydraulic fractur-
ing experiment was on the basis of (1) being in mechanically
sound condition, (2) having several years of production history,
and (3) being located in a part of the field where considerable
information is known about the characteristics of the gas re-
servoir, i.e., porosity, permeability, thickness, water saturation.

I1I. Massive Hydraulic Fracture Treatment Design

Basic reservoir and well data (Figure 3) were submitted to
the two major oil field service companies in order to develop the
basic fracturing treatment proposal. The final accepted design
employed a two-stage treatment separating perforations in Group 1
and 2 from Group 3 and 4 (see list above).

The lower perforations (Group 1 and 2) were isolated by
means of tubing (2-7/8" OD) and packer and were treated with
approximately 205,000 gallons of fluid containing 420,000 pounds
of sand (140,000 pounds 20/20 mesh, 280,000 pounds 10/20 mesh)
and 500 standard cubic feet per barrel of nitrogen. After a
brief cleanup flow period, the lower perforations were isolated
with a retrievable plug and the upper perforations (Group 3 and
4) were treated with approximately 280,000 gallons of the same
fluid containing approximately 650,000 pounds of sand (350,000
pounds 20/40 mesh, 300,000 pounds 10/20 mesh) and 500 standard
cubic feet of nitrogen. The frac fluid used was Dowell's water
base controlled gel (trade name YF4G). Sand concentrations as
high as 4 pounds per barrel fluid were achieved.

The fracture treatment was designed to extend propped
fracture length approximately 1400' from the wellbore. The
propped fracture width was calculated to be 0.176 to 0.179 inches.

Production increase was expected to range from 5.5 to 6.2

times greater than the pre-treatment rate of approximately 35
thousand standard cubic feet of gas per day.
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IV. Post-Treatment Results

Following the execution of the fracturing treatments, the
well was recompleted with a string of 2-3/8" OD productlon tubing
suspended without a packer to a depth just above the perforatlons.
The well was flowed to a pit for a period of several days prior
to reconnection to the pipeline. A considerable amount of
swabbing was required to remove large quantities of frac fluid
and enable the well to flow. After recovery of approximately
50%-60% of the frac fluid, the well was able to flow intermit-
tently into the pipeline. Additional swabbing was required on
occasion. The post-treatment results are shown in Figure 4.

V. Analysis of Fracture Treatment Results

The results of this massive hydraulic fracturing treatment
have not been encouraging. The relatively low natural reservoir
energy coupled with continued influx of fracturing fluids into
the wellbore have prevented the well from flowing on a sustained
basis. Installation of a production packer above all perfora-
tions and later between perforation Groups 2 and 3 did not result
in improved well performance.

From the post-treatment data it would appear that production
of gas has been enhanced by a factor of less than 2.

VIi. Cost of Program

The direct costs incurred for this experiment are as follows:

1. Fracturing services ........eeeeeeeecnnns $ 251,000%*
2. Rig ... ittt i i, C et ee e 34,000%*
3. Equipment, tool rentals ......ci00n e 17,000
4, Water, hauling .......ciieiiveieeeceronsn 9,000
5. Other trucking coStS ....vetieieeseonannas 7,000
6. Completion services ........ceeeeeeceees . 4,000
7. Location preparation ............ e 2,000%*
8. Other miscellaneous COStS .....iveeeeeenns 1,000
9. Project management costs .......cveceaenn 12,000

TOTAL .....veiviennn $ 337,000

* Reimbursed by ERDA
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VII. Conclusions

It is concluded that the application of massive hydraulic
fracturing techniques in the Federal #3-94 Well has not been
successful in stimulating the flow and recovery of natural gas
from the Mesaverde formation. The lack of success is attributed
primarily to both low reservoir permeability and a restricted
reservoir due to sand lenticularity. Only a slight increase in
flow rate was achieved, but is overwhelmed by the cost to achieve
this increase.

References

The Project Rulison Open File System contains feasibility
studies, project data and safety contractor reports. Such
files have been established by E.R.D.A. in Las Vegas, Nevada,
Denver, Colorado and Bartlesville, Oklahoma. Copies of all
material can also be obtained from E.R.D.A.,, Division of
Technical Information, Oak Ridge, Tennessee.
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PACIFIC TRANSMISSION SUPPLY COMPANY
SAND RIDGE MESAVERDE MASSIVE HYDRAULIC FRACTURE PROJECT
UINTAH COUNTY, UTAH

by

Dee E. Beardsley
Pacific Transmission Supply Company
P. O. Box 3093
Casper, Wyoming 82602

B. W. Allen
Almac Operating Company
Box 976
Casper, Wyoming 82602

Jack L. Wroble
Pacific Transmission Supply Company
633 17th Street, Suite 2140
Denver, Colorado 80202

ABSTRACT

Pacific Transmission Supply Company and the Energy Research and
Development Administration contracted to evaluate approximately 2500 feet of
Mesaverde formation in the Uinta Basin of northeastern Utah.

The contract proposal called for continuous drillstem testing of
the Mesaverde, coring of 400 to 500 feet of the formation to determine rock
characteristics, continuous mud logging, and open-hole logs, including a
Schlumberger Experimental Acoustic log to attempt to determine rock mechanical
properties. Further, special core work was to be done to determine in-situ
stress field and in-situ permeability and porosity insofar as possible. Mini-
fracturing of selected intervals were then to be performed in the open-hole
before running casing to help determine in-situ rock stress fields. Impression
packers were to be run after mini-fracturing to determine fracture direction.
Analyses of data obtained during drilling were to be made to help in design of
three massive hydraulic fractures in sandstones of the basal, middle and upper
Mesaverde. The fractures would only be performed if gas producing sandstones
could be shown to aggregate a gas transmissibility of 0.5 millidarcy-feet in
the lower Mesaverde and 1.0 millidarcy-feet in each of the middle and upper
Mesaverde.

The test well was drilled and reached a total depth of 9282 feet on
January 21, 1977. Production casing was run, and subsequently eight sandstone
zones were perforated to test for feasibility of gas production. These eight
zones were selected from critical analyses of drillstem tests, gas log and
open-hole logs. Although all zones showed gas production in small amounts,

Prepared for ERDA under Contract No. EY-76-C-08-0680
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cach zone also produced water in varying amounts. Analyses of data obtained
from flow tests of the various perforated zones showed none of the zones to
possess gas transmissibility of sufficient magnitude to meet the contract
criteria. Therefore, no massive hydraulic fractures were proposed or performed,
and those parts of the contract pertaining to fracturing in the Mesaverde were
terminated.

INTRODUCTION

Pacific Transmission Supply Company and the United States of
America, through the Energy Research and Development Administration, con-
tracted to drill a well and evaluate approximately 2500 feet of the Mesaverde
formation in the Uinta Basin located in northeastern Utah.

A federal government study indicated in-place reserves of 200 to
400 billion cubic feet of gas per section in the tight Mesaverde sands.

Pacific Transmission Supply Company made a geologic study of the
Mesaverde formation underlying approximately 160 townships of the eastern
portion of the Uinta Basin to determine the more favorable areas of porosity
trends for drillsite selection. It was anticipated that the Mesaverde would
contain sands with at least 300 feet net log porosity of eight percent or
greater. Ownership of the lands within the area is predominantly federal.
Pacific Transmission Supply Company proposed that a well be drilled to eval-
uate sandstones within the lower, middle and upper Mesaverde formation. It
was anticipated that a total of three massive hydraulic treatments, one each
in the lower, middle and upper parts of the formation, would be performed.

The test well, 23-25 Federal, was located in the NE/4 SW/4 Section
25, Township 8 South, Range 23 East, Uintah County, Utah. The well was spudded
November 4, 1976 and reached a total depth of 9282 feet on January 21, 1977.
During the drilling, the Mesaverde formation was almost continuously drillstem
tested with 18 tests being run or attempted starting at a depth of 6560 feet.
Of the 18 tests, five were misruns. The well actually encountered 574 feet of
gross sand with log porosities of eight percent or higher. The calculated
water sands greatly exceeded our expectations with only a few zones calculating
80 percent or less.

After 5-1/2 inch casing was run and cemented, all drillstem tests,
cores and log data were evaluated to determine which sands would be perforated,
acidized and tested for massive hydraulic fracturing. A total of nine sands
were selected to be perforated.

Each of the sands were perforated, acidized and flow-tested
separately. It was determined that none of the sands were sufficiently gas-
productive to warrant treatment by massive hydraulic fracture. The wellsite
phases of the Pacific Transmission Supply Company-Energy Research and Develop-
ment Administration Contract were terminated on June 14, 1977.
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THE CONTRACT

Pacific Transmission Supply Company and the Energy Research and
Development Administration entered into Contract Number EY-76-C-08-0680

effective September 1, 1976, entitled "SAND RIDGE II PROJECT, UINTAH COUNTY,
UTAH."

Pursuant to the terms of the contract, a well was to be drilled
to a sufficient depth in order that the full Mesaverde section could be eval-
uated for possible massive hydraulic fracturing. The well was located in
NE/4 SW/4 Section 25, Township 8 South, Range 23 East, Uintah County, Utah.
The entire Mesaverde section (approximately 2500 feet) was to be drillstem
tested, and 400 to 500 feet of cores, including some oriented cores, were to
be obtained from the upper, middle and lower Mesaverde. The overlying Wasatch
and Green River formations were excluded from the contract. In addition, the
following open-hole logs were to be run:

(1) Dual Laterolog

(2) Compensated Neutron-Density
(3) Borehole Compensated Sonic
(4) Experimental Sonic

(5) Differential Temperature

TerraTek, Inc., Salt Lake City, Utah, was to perform special core
studies in the field of selected intervals of both regular and oriented cores.
These studies were to include core relaxation measurements to determine the
direction of the two principal horizontal In Situ stresses. In addition,
small scale hydraulic fractures were to be created in the well bore to deter-
mine the magnitude and orientation of in situ stress orientation. The fractures
created were to be analyzed by use of Iﬁbression packers.

Laboratory studies of the cores were made of potential reservoir
zones as well as the adjacent rocks. Dry densities, grain densities and
connected pore volumes were determined as well as saturation and unfilled gas

volumes. Triaxial compression tests were to be conducted at simulated in situ
conditions.

Frac fluid-rock interaction studies using various fracture fluids
currently being used by industry were made, again under in situ simulation
to characterize the loss in permeability of reservoir rocks due to the applica-
tion of hydraulic fracture fluid. The effect of hydraulic fracture fluid on

the permeability of the propped fracture with various sand concentrations and
sizes was also studied.

After running production casing, sandstone members of the Mesaverde
in the lower, middle and upper portions were to be perforated, acidized and
flow-tested to determine gas flow capacity of the perforated sands. Massive
hydraulic fractures were to be done only if gas producing sandstones indicated
an aggregate gas transmissibility of 0.5 millidarcy feet in the lower Mesaverde
and 1.0 millidarcy feet in each of the middle and upper Mesaverde.
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DRILLING OPERATIONS

Well 23-25 Federal was spudded November 4, 1976. A 17-1/2 inch
hole was drilled to 300 feet, and 13-3/8 inch surface casing was set. A
12-1/4 inch hole was drilled to a depth of 3410 feet where 9-5/8 inch inter-
mediate casing was run. Since the well is in an oil shale withdrawal area,
the intermediate casing was required by the U. S. Government to protect oil
shales of the Green River formation. A 7-7/8 inch hole was drilled from 3410
feet to a total depth of 9282 feet, reached January 21, 1977. Five and one-
half inch production casing was run to 8965 feet. No serious mechanical or
hole problems were experienced during the drilling of the well; however,
considerable time was spent drillstem testing and coring.

A total of 18 drillstem tests were run in the Mesaverde. Of the
18 tests, five were misruns because of packer seat failures. A total of 12
cores were cut. The cored intervals totaled 469 feet of which 427 feet were
recovered. Recovery was 91 percent. Of the 12 cores, four were oriented.
The oriented cores were obtained so that TerraTek Laboratories could perform
stress relaxation measurements.

Two open hole mini-frac experiments were performed by TerraTek
personnel at depths of 8822-8830 feet and 9017-9032 feet. Only the mini-frac
of the interval 9017-9032 feet was successful. An impression packer was run
in an attempt to impress the created fracture in the interval 9017-9032 feet
to determine the fracture orientation, but the attempt was unsuccessful.

A manned mud logging unit with hotwire and gas chromatograph was
operated to record gas shows during all drilling operations from the base of
the surface pipe to total depth. At total depth, the following open hole logs
were run:

(1) Dual Laterolog

(2) Compensated Neutron Density-Gamma Ray
(3) Borehole Compensated Sonic-Gamma Ray
(4) Experimental Sonic

(5) Differential Temperature

PERFORATING, ACID BREAKDOWN AND FLOW TESTS

The top of the Mesaverde formation was picked at 6410 feet in the
Federal 23-25 well. The formation had an overall thickness of 2556 feet with
the base of the formation being the same as the top of the Mancos shale at
8984 feet.

Data from all logs, cores and drillstem tests were analyzed to
select sandstone intervals to be perforated, broken down with acid and flow-
tested. The results of the flow-tests were to be used to determine the
feasibility of establishing commercial production be means of stimulating
with massive hydraulic fractures. Analysis of the data indicated the following
intervals to have the best prospects:
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8824~8832 feet lower Mesaverde (Castlegate)

7793-7801 feet Middle Mesaverde (Neslan)
6800~6814 feet Upper Mesaverde (Farrar)
6755~6764 feet Upper Mesaverde "

6603-6624 feet " " "
6558-6576 feet " " "
6524-6536 feet " " "
6458-6466 feet " " "
6438-6444 feet " " "

All of the above zones were perforated at the depths as shown with
jet shots. The zones were individually broken down with acid and tested
individually. Zone separation was achieved by using packers, permanent bridge
plugs or retrievable bridge plugs. The zones are again listed showing number
of perforations, size of acid breakdown and flow-test results. The flow-tests
generally exceeded a week's duration to obtain stable flow:

Zone No. of Perfs Acid Flow Rate After Recovered Load Fluid
8824-8832" 16 12,000 gallons Small amount gas, 204 BWPD
7793-7801" 16 1,500 " 6 MCF/D plus 20 BWPD
6800-6814" 14 1,500 " 6 MCF/D plus 40 BWPD
6755-6764" 9 1,000 " 5 MCF/D plus 60 BWPD
6603-6624" 21 2,000 " 15 MCF/D plus 80 BWPD w/trace of oil
6558-6576" 18 2,000 " 12.6 MCF/D plus 120 BWPD
6524-6536" 12 1,500 " 17 MCF/D plus 60 BWPD
6458-6466" 8 1,000 " 17 MCF/D plus 20 BWPD
6438~6444" 6 1,000 " 10 MCF/D - no water

None of these sands or combinations of sands showed water-free gas
production in sufficient quantities to warrant a massive hydraulic fracture
treatment. All zones of the Mesaverde were abandoned in June. Abandonment
of the Mesaverde completed the wellsite phases of the contract between Pacific
Transmission Supply Company and Energy Research and Development Administration.

CONCLUS ZON

The Federal 23-25 well is believed to have been a well conceived
project to accumulate data to evaluate approximately a 2500 foot vertical sec-
tion of the Mesaverde formation for gas in the eastern part of the Uinta Basin.
The data and subsequent production testing through casing showed all sands in
the Mesaverde to be too tight to yield commercial gas production even with
massive hydraulic fracturing. 1In addition, eight of the nine sands tested
through casing yielded water in significant guantities which would be detrimental
to attempt a completion for gas production.
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REVIEW OF NATURAL BUITES UNIT
MASSIVE HYDRAULIC FRACTURING PROJECT

by

James A. Short 1/

Gas Producing Enterprises, Inc.
P. 0. Box 749
Denver, Colorado 80201

Abstract

A Massive Hydraulic Massive Fracturing program has been initiated in the
Natural Buttes Unit, a marginal gas field located in the Bitter Creek
Field in the Uinta Basin of northeastern Utah. The program includes
fracturing nine wells (new & old) with different combinations of types
and volumes of fluid, size and amount of sand and methods of placement
to find the completion procedure which is most effective in recovering
gas from these low permeability sands. Fracture orientation tests will
also be conducted., There is a pending program modification to allow
for coring, extensive electric logging, pre-frac testing, etc., on one
well, Four wells have been fractured to date under this program.

Introduction & Summary

The Tertiary Wasatch and Cretaceous Mesaverde formations underlie a
major part of the Uinta Basin. These formations contain low permeability,
gas saturated sands. $imiliar formations occur in the adjoining Green
River and Piceance Basins and the sands are also similiar to low permea-
bility sands which occur extensively in other areas. 1In the area of
interest the Wasatch-Mesaverde interval is from 5,000 to 9,500 feet with
north-northwest regional dip of 100 feet per mile. The gross interval
contains about 25 sands, that will each average about 20 feet of net sand.
The angular to subangular fine grain sands are well cemented with
calcareous cementing material. Fracture gradients are in the order 0.75psi/ft
in the sands and 0.90 psi/ft in the shales. Porosity, water saturation

1/ J. A. Short - Regional Production Manager.

Prepared for ERDA under Contract No. E(26-1)-681.
Figures and tables at end of paper.
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and permeability are 9%, 50% and 0,1 to 0.001 md respectively. Volume~
tric gas-in-place is calculated at 105 BCF per 640 acre section, based

on the above parameters and Pr - 3000 psi, Tr - 170°F and a gas deviation
factor of 0.86. Gas Producing Enterprises Inc. (GPE) a division of
Coastal States Gas Corporation is Unit Operator and Owner of 85,405

acres of Wasatch Mesaverde lease-hold rights in the Natural Buttes Unit.
Based on the foregoing calculations, the Natural Buttes Unit contains
14.7 TCF of gas-in-place. The Wasatch Mesaverde sands are gas productive
over a large area in theUinta Basin and the Natural Buttes Unit is a
highly prospective area for testing these low permeability sands,
especially since it typifies the occurance of 600 TCF of potential gas

in the Uinta, Green River and Pieance Basins. This emphasizes the importance
of the larger objective of determining commercial methods of recovering
gas from low permeability sands.

A program to perform nine massive hydraulic fracturing treatments
over a two year period at an estimated cost of 5.1 million dollars is
planned for the Natural Buttes Unit. The Energy Research and Development
Administration (ERDA) will contribute 2.2 million dollars and GPE (contractor)
will contribute 2.9 million dollars. The primary objective of the program
is to determine a cost effective method of recovering gas from low permea-
bility sands. This will be accomplished by testing and evaluating the
following:

1., Effect of fracture length on deliverability and ultimate
recoverable reserves,

2. Orientation of fractures.

3. 1In situ fracture conductivity created by different combinations
of proppants and fracture fluids.

4, Fracture fluid efficiency in transporting sand, controlling
frac height, avoiding formation damage and breaking gels
after frac,

5. Spacing of fractured wells,

6. Fracture of all sands in a 3,500' gross interval including
marginal and less well-developed gas-bearing sands.

7. Different methods of treatment and sand placement.
Other relative parameters will also be evaluated. All tests will

be performed under field conditions and the wells will be placed on
production immediately. Figure 1 shows the location of the Natural Buttes
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Unit in the yinta Basin and the relative position to other geographical
areas in the Rocky Mountains. Figure 2 is a field map of the Natural
Buttes Unit showing well locations, pipe lines, etc.

Program Summary

Figure 3 is a Milestone Chart showing the scheduling of the wells
to be treated and the individual operations for each well, A summary of
the remaining wells in the program to be tested showing estimated
formation characterisitics and thicknesses, amount and type of treating
materials and other information is shown on Table 1.

After each well is drilled and logged, 4%" casing is run and
cemented at total depth. The prospective intervals are selected from
the electric logs and a perforating and fracturing treatment program
designed. The well is perforated in 2% K€1 water and production
tested. Water is removed by swabbing or using nitrogen if necessary.
Fracturing equipment and materials are mobilized and the well is treated.
Two basic placement methods have been used; (1) treat continuously in
stages spearheading each stage with acid and diverting between stages with
perforation ball sealers and (2)limited entry in one continuous stage.
After treatment the well is flowed back to clean up and then. placed on
production. Down-hole surveys are run as required. -

Project Status
To date four wells have been fractured under the program. Table
No. 2 contains the summarized results of these fracturing treatments,

The wells are discussed separately as follows:

Phase I: Natural Buttes Unit #18

Four and one half inch (4%") casing was set at 9140'. Eighteen
zones were perforated over the gross interval of 6490'-8954', 4 ft/zonme,
1 perf/ft. The well was blown dry with nitrogen and averaged 50 MCFD on
a pre-frac production test, The well was fractured with 695,000 gals, of
cross-linked, low residue guar gum fluid and 1,380,000 lbs of 20-40 sand.
The treatment was pumped in nine continuous stages (designed to treat two
zones per stage). Each stage was spearheaded with 1000 gals of 15% acid
and the stages were diverted with perforation ball sealers., A temperature
survey was run before flow-back., The well was flowed back and placed on
production on September 30, 1976. The well initially produced 1500 MCFD
and is now stablized at 820 MCFD. The "rate-time'" production curve for
this well is shown on Figure 4,
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Phase II: Natural Buttes Unit #19

Four and one half (4%") casing was set at 9697'. Nine zones were
perforated in the gross interval from 8676'-9664' with 4 ft/zone, 1 perf/ft.
These zones were treated with 275,000 gals. of 40 1b. guar gum/1000 gals.
fluid, 363,000 1bs. of 40-60 sand and 61,000 lbs, of 100 mesh sand. The well
was flowed back immediately at a high rate. Ten zones were perforated
in the gross interval from 7224'-8676' and treated with 358,000 gals.
guar gum gel, 712,000 1lbs. of 40-60 sand, and 72,000 1lbs. of 100 mesh sand.
Perforation ball sealers were used for diversion in both treatments. The
well was flowed back at a high rate. A Gamma Ray Survey was run to
locate radio active sand used during the treatment. The well did not
clean up and it was determined that the well was producing formation water,
The water was shut off by isolating with packers and the well placed on
production in February, 1977. The well is currently producing about
115 MCFD. The "rate-time" production curve for this well is shown on
Figure 5,

Phase ITT: WNatural Buttes #14

This was an old well with 4%" casing set at 8053'. The well had
approximately 15 zones perforated over the gross interval from
6826'-8004' which had originally been acidized with 10,000 gals of 15%
Hcl. The well was treated with 576,000 gals. of cross-linked, low residue
guar gum fluid, 1,053,000 lbs. of 20-40 sand and 40,000 1lbs. of 40-60
sand. During the treatment, Sandia Laboratory of Albuquerque, New Mexico
(Sandia) personnel took data by measuring electrical potentials to
determine fracture length and orientation. The well was flowed back,
cleaned up and placed on production in May, 1977. This well had been
producing for about 2 years prior to treatment and had declined to a rate
of about 40 MCFD. After treatment the well produced about 790 MCFD.

The "rate-time" production curve for this well is shown on Figure 6.

Phase IV: Natural Buttes #20

Four and one half inch (4%") casing was set at 9807'. Eight zones
over the gross interval from 8498'-9476' were perforated with 20 holes
for limited entry. The well was stimulated on June 22, 1977, with 309,000
gals. of cross-linked, low residue guar gum fluid and 56,000 1lbs. of
100 mesh sand, 745,000 lbs. of 40-60 and 25,000 lbs. of 20-40 glass beads.
During the treatment, Sandia personnel took data by measuring electric
potentials to determine fracture length and orientation. Before flow-back.
a Gamma Ray Log was run to locate radio active tracer sand used during the
treatment. The well was placed on production in July, 1977, at a rate
of about 1500 MCFD.
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Results and Conclusions

The Massive Hydraulic Fracturing program is progressing satisfactorily.
Final results and conclusions cannot be determined until additional
procedures have been tested, verified by duplicate test stimulations and
followed by production testing.

Various preliminary conclusions can be drawn from early project results.
The smaller 40-60 mesh sand can be pumped into the formation at concentra-
tions up to § #/gal with a low viscosity (40# guar gum/1000 gal) fluid.
The best combination of fluid and sand size has not been determined.
Eighteen zones have been fractured in one continuous staged treatments
Temperature logs and Gamma Ray Tracer Surveys show that over 90% of the
perforated intervals are being treated. Post fracture temperature surveys
indicate that twenty feet of shale thickness will act as a barrier to halt
vertical fracture growth. Fracture growth generally extends above and
below the sand body. Sand production has not been a major problem during
flow back. Increased shut-in time before flow back reduces sand production
when a high viscosity fracturing fluid is used. Sand production is not
affected by the size of sand used.

The fracture length and orientation data were processed and reviewed,
No definite conclusions have been determined to date. Assuming a correct
interpretation, the data indicated "single wing" fractures and random
fracture direction i.e., one fracture extending in one direction and
another extending in a different direction. The data from Natural Buttes
#20 is still being processed by Sandia.

The logistics of mobilizing materials and equipment for a massive
hydraulic fracturing treatment requires careful planning, preparation
and coordination, All of the treatments have been performed in a
satisfactory manner. '
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FIGURE 5
NATURAL BUTTES NO.
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FIGURE 6
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MASSIVE HYDRAULIC FRACTURING EXPERIMENT
NO. 1 HOME FEDERAL WELL, UINTAH COUNTY, UTAH

by

Charles R. Boardman
Western 0il Shale Corporation
3662 Mountcrest
Las Vegas, Nevada 89121

ABSTRACT

Two massive hydraulic fracturing experiments were performed on two
separate gas-bearing intervals of Mesaverde sandstones in the No. 1 Home
Federal well located in Uintah County, Utah, KCl water was used as the
frac fluid and the limited entry technique was used for injection.

The first experiment was carried out on an interval containing 112 ft.
of net pay at a depth of 10,014 - 202, Pre-frac production capacity was
estimated to be 60+ MCF/D. Post-frac production capacity was significantly
less, presumably attributable to a limited lateral extent of inherent
formation permeability.

The second experiment was carried out on an interval containing 85 ft.
of net pay at a depth of 7,826 - 9,437 ft. Pre-frac production capacity
of 33 MCF/D was increased by MHF to an initial 500 MCF/D and to a relatively
stabilized 155 MCF/D within four months following the treatment.

Prepared for ERDA under Contract No. EY-76-C-08-0683. References, tables,
and illustrations at end of paper.
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I INTRODUCTION

Western 011 Shale Corporation and Texas American 0il Corporation
performed two massive hydraulic fracturing experiments on the No, 1
Home Federal Well located in Sec 34, T10S, R19E, Uintah County, Utah.
The first MHF was carried out on Oct. 1, 1976 and the second on Dec. 21,
1976. Both treatments were applied to low permeability, gas-bearing
sands in the Mesaverde formation.

A. Well Description

The No. 1 Home Federal Well was spudded on December 11, 1975, was
drilled with KC1 water to total depth of 10,780 on January 13, 1976, and
was cased to total depth on January 15, 1976.

Hole Specifications:

Conductor: 18" Dia., 60' depth
Intermediate: 11" Dia., 3032' depth
Final: 7 7/8" Dia., 10708' depth

Casing and Tubing Specifications:

Conductor Pipe: 13 3/8" 0D, J-55, 48#f/ft. set at 51' depth, cemented
to bottom of cellar.
Intermediate Casing: 8 5/8'" 0D, J-44, 1129.75' of 32#/ft. and 1888.25

ft. of 24i#/ft., set at 3017' depth, cemented to surface.

Production Casing: 5 1/2" OD, N-80, 23#/ft., set at depth of 10,780',
cemented to 6900' depth.

Production Tubing: 2 3/8" OD, J-55 - 76 joints and N-80 - 245 joints,
4.5#/ft., set at 9,768 ft. depth.

Logs

Compensated Density
Contact Caliper Forzo
Sidewall Neutron

BHC Sonic with Caliper
Gamma Guard

B. Fracture Design Basis

The fracture design for both treatments was based primarily upon
the finding that KCl water did not appear to damage the permeability of
Mesaverde sandstone cores from another well in the Uinta Basin. Both
treatments therefore utilized KCl water along with appropriate additives
applied by the limited entry technique.

C. Reservoir Description

The two intervals treated were located between the depths 10,0l4-
10,202 ft. (Interval #1/MHF#1) and between 7,826 - 9,437 ft. (Interval
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#2/MHF#2). Individual zone depths, net pay thicknesses, average water
saturations, and porosities based on log analysis are presented as follows
for these two intervals:

INTERVAL #1 (MHF#1)

Average Water Average
Zone Depth, ft. Net Pay, ft. Saturation, % Porosity, %
10,014 - 038 22 33 12.7
10,044 - 062 18 40 12.3
10,088 - 100 12 42 9.7
10,136 - 148 10 34 11.0
10,142 - 202 50 43 11.0
112 Total 41 Avg 11.8 Avg
INTERVAL #2 (MHF #2)
Average Water Average
Zone Depth, ft. Net Pay, ft. Saturation, 7 Porosity, 7%
7,826 - 29 3 53 8.5
7,852 - 81 27 51 8.5
7,974 - 80 6 40 8.5
8,042 - 46 4 35 8.5
9,225 - 37 12 51 8.0
9,308 - 14 ' 6 40 7.0
9,410 - 37 27 _40 9.5
5 Total 45 Avg 8.5 Avg

I1 MHF #1 EXPERIMENT

MHF #1 consisted of 411,640 gallons of frac fluid and 600,000 pounds
of sand. Injection rate varied between 19 and 46 BPM. Wellhead injection
pressures varied between 6,400 and 7,000 psi.

A. Pre-frac Treatment

On March 31,1976 Welex perforated the target interval with 23 1/4"-
diameter holes with Sidewinder jet charges between the depths of 10028
and 10200 feet. No gas showed at the surface after the perforating
job was completed. Perforation depths were as follows:

10,028 10,091 10,137 10,167 10,179 10,192
10,032 10,093 10,140 10,171 10,182 10,196
10,058 10,096 10,143 10,174 10,185 10,200
10,062 10,098 10,163 10,176 10,188

The perforations were broken down using acid, KCl water and ball
sealers on April 4, 1976. Total fluid used in the breakdown was 380
barrels. Most of the breakdown fluids were recovered by April 13.

B. Pre-frac Production and Testing

Cumulative production into the wellbore prior to shut-in for pressure
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buildup monitoring is estimated to be 716 MCF. Volumes produced from the
well are listed as follows:

DATE VOLUME, MCF
Prior to 4/12 144
4/12 167
4/13 12.7
4/14 40
5/5 322.7
TOTAL 696.4

An additional volume of 19.5 MCF is estimated to have flowed into the
wellbore but was not produced during the last 16 1/2 hours of the 24-hour
production period. These volumes were measured or calculated utilizing
wellhead and bottom hole pressure data, the volume of void inside the
wellbore of 1308 cubic ft., and an average temperature inside the wellbore
of 150° F.

Bottom hole pressures were measured with a 72~hour pressure bomb
by Cable Engineering Company of Roosevelt, Utah prior to, during, and
subsequent to the 24-hour production period commencing May 5, 1976. These
bottom hole pressure data are presented in the Cable Engineering Company
data sheets in Appendix A. The pressure data show that the stabilized
pressure at a depth of 10,114 ft. was 6,631 psi just prior to the 24-hour
production period. This pressure was reduced to 2,091 psi by flowing the
well for approximately 7 1/2 hours. At 7 1/2 hours the flow rate was
held at 40+ MCF/D with the bottom hole pressure rising at a rate of about
20 psi per hour. At 15 hours into the production period, the flow rate
was stabilized at 40 MCF/D. At the end of the flow test (24 hours) the
production rate was still 40 MCF/D while the bottom hole pressure was
rising at a rate of 13.5 psi per hour. Flowing tubing pressure was 775 psig
and flowing casing pressure, 350 psig. The bottom hole pressure at shut-
in was 2,387 psig.

Final flow capacity is estimated to have been 62 MCF/D, considering
the observed flow rate and the pressure buildup rate.

The well was shut in after removing the pressure bomb until August 26,
at which time gas was produced on a 20/64" choke into the Mountain Fuel
line located north of the well. Production was intermittent because of
the well loading up with water.

Observed pressures and flow rates prior to September, 1976 were:

DATE FTP, psig FCP, psig FLOW RATE, MCF/D
8/27 1375 490 40
8/28 1725 490 40
8/29 1925 490 40
8/30 2175 490 40
8/31 2340 425 40

E-7/4



A temperature survey was run on September 27. The results are depicted
on Figure 1 along with the perforation locations. As indicated by the static
log in this figure, slight cooling (indicating gas influx) appeared to have
occured over zones 1, 2, 4 and 5. Zone 3 does not appear to exhibit any
significant cooling at all.

C. MHF Treatment Description

Halliburton Services had all equipment and materials in place and ready
to frac by September 28. There were twenty-one 500-barrel tanks of 2% KCl
water, two blender trucks (only one truck was needed for the frac job; the
additional truck was on standby only), ten pump trucks each capable of
acheiving 1,000 hydraulic horsepower, three sand tanks with capacities of
2,560 cubic ft. each, two chemical trucks, a control van, and a number of
ancillary pieces of equipment such as headers, valves and lines. Three flow
lines were attached to the well, two connected to the casing and one connected
to the tubing.

Halliburton started the massive frac with a KCl water prepad stage on
September 29 at 1000 hrs. Maximum injection rate achieved was 12 BPM at 7,000
psig wellhead pressure (target rate was 42 BPM). The frac was stopped and 50
ball sealers were dropped, along with 3,000 gallons of acid in an attemt to
increase the injection rate. The prepad stage was then restarted and a rate
of 16 BPM was achieved. The prepad stage of 43,400 barrels was completed
at approximately this injection rate.

On September 29, 2976 another temperature survey was run to determine
appropriate locations for additional perforations. The results of this survey
are presented in Figure 2 along with the original perforation locations.

Based upon the analysis of this temperature log and Halliburton calcula-
tions, 32 new 1/4" perforations were added to the target interval on September
30, 1976. The depths of the new perforations are as follows:

ZONE 1 10,027 10,144
10,029 10,145
10,030 10,146
10,032
ZONE 5 10,165
ZONE 2 10,059 10'169
10.02? 10,172
10,0 10,175
10,178
ZONE 3 10,090 10'180
10, 092 10. 184
10, 094 10,187
10,095 10,189
10,097 10'194
10,098 10:195
10,197
ZONE 4 10,139 10,199
10,141 !
10,142
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After perforating, Halliburton spotted 3,000 gallons of acid and dropped 75
ball sealers. The fracture treatment was then reinitiated with another prepad
stage of KCl water at 1503 hrs. Maximum initial injection rate was 15 BPM

at 7,000 psi. The frac was stopped after a few minutes and restarted at 1530
hrs. At this point an injection rate of 27 BPM at 6900 psi was achieved.

The prepad stage was finished at 1628 hrs. and the wellhead was secured for
the night.

The fracture treatment was recommenced at 1118 hours and was completed
at 1542 hours on October 1, 1976. The following frac conditions prevailed:

Average Injection Pressure: 6850 psi
Average Injection Rate: 29 bblg/min.
Average Hydraulic Horse Power: 4,869
Maximum Injection Pressure: 7,000 psi

Maximum Injection Rate: 46 bbls/min.

The injection pressure, flow rate and sand concentration are plotted as

a function of time in Figure 3. This is an idealized plot taken from the
detailed log in the subcontractor's report.

Total volume of fluid injected prior to the October 1, 1976 operation was
96,920 gals. On October 1, the treatment was started with pad volume of
90,000 gals. followed by the stages listed below:

STAGE 1 10,000 gals. with 1 1lbs/gal 40-60 sand
STAGE 2 35,000 gals. with 2 1lbs/gal 40-60 sand
STAGE 3 40,000 gals. with 3 1lbs/gal 40-60 sand
STAGE 4 30,000 gals. with 2 1bs/gal 20-40 sand
STAGE 5 60,000 gals. with 3 lbs/gal 20-40 sand

STAGE 6 40,000 gals. with 4 lbs/gal 20-40 sand

These six stages were followed by a 1,000-gal. Versagel spacer and
9,240 gal. displacement for a total volume injected of 315,340 gallons
during the October 1, 1976 operation. By including the pre-pad and break

down treatments on September 29 and 30, 1976 a total of 411,640 gallons
were injected.
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The materials used and their concentrations during the fracturing
treatment are listed in Table 1.

D. Post-frac Production and Testing

Immediately following the fracturing treatment a temperature survey was
run, the results of which are shown in Figure 4. The well was then opened
on a 26/64" choke at 1225 hours with a wellhead pressure of 3400 psi. On
October 2, the choke size was reduced to 20/64'". Load water was recovered via
a 20/64" choke until October 9 at which time a 26/64" choke was inserted.
The cumulative load water recovery is shown as a function of time in Figure 5.

On October 7 at 1245 hours, the well was hooked up to the gas pipeline
and gas was produced to sales. The well died at 2400 hours on this date.
It was opened to the air and the pressure bled down to O in three minutes.
It was shut in at 1400 hours on October 8. On October 9, NOWSCO pumped 93
MCF of nitrogen into the casing and the well started flowing again. The
well was shut in on October 12 by the automatic shutdown valve. The well
was opened to the air and a gas flow rate of 21 MCF/D was observed. On
October 13 the well was shut in at 0800 hours. On October 21 through November
11 the well was shut in for pressure buildup. This pressure buildup is
plotted in Figure 6.

Post-frac gas production prior to the pressure buildup is shown graphically
in Figure 7. Also shown are the flowing tubing and casing pressures. As
indicated in this figure, cumulative gas production was 325 MCF over a period
of 5 1/2 days for an average of 59 MCF/D.

Shut-in bottom hole pressures were measured on November 1, 1976. The
shut-in casing pressure as measured at the wellhead was 2775 psi just prior
to running the down hole pressure bomb. Down hole pressures measured were
as follows:

DEPTH, ft. PRESSURE, psi
6400 3102
9500 4392
9700 4471
9900 4557
*10,114 4649

*Middle of perforations

The fluid level in the well was found to be 3,000 ft. during these measurements.

On November 11 the tubing was opened and the well flowed water to the
pit. At 12:30 p.m. gas was produced into the pipeline at the rate of 393
MFC/D on a 12/64" choke, after unloading approximately 35 barrels of water.
On November 12 the choke became plugged and approximately 250 barrels of
water were unloaded. After unloading, gas was produced into the pipeline
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at the rate of 699 MCF/D on a 16/64" choke. On November 13 gas flow rate
dropped to 129 MCF/D and after unloading ten barrels of water the rate increased
to 550 MCF/D. On November 14 the well was shut-in and attempts were made there-
after to unload the water with nitrogen. On November 17 the well was produc-
ing at a rate of 731 MCF/D on a 16/64" choke. Thereafter the well died and

only traces of ‘gas were produced. The total volume of gas produced during
November was only 60 MCF.

III MHF #2 EXPERIMENT
MHF #2 consisted of 247,500 gallons of frac fluid and 450,000 pounds of
sand. Injection rate varied between 17 and 36 BPM. Wellhead injection

pressure varied between 5,500 and 7,000 psi.

A. Pre-frac Treatment

The isolation of the first MHF zone was completed by pumping 12,000
pounds of sand into the wellbore. Top of the sand was found to be 9,922 ft.
upon completion of the zone isolation.

The tubing was pulled to allow the remainder of the Mesaverde pay
zones to be perforated with a Welex 3-1/2" casing gun. On December 2

the well casing was perforated with single .34'" perforations at each of
the following depths:

7768 fr. 7975 ft. 9227 f¢t.
7827 frt. 7979 f¢t. 9233 ft.
7855 f¢t. 8044 ft. 9311 fc.
7860 ft. 9045 ft. 9415 f¢t.
7869 ft. 9050 ft. 9420 ft.
7877 ft. 9223 ft. 9425 f¢t.

9433 ft.

The top of the sand was found at a depth of 9872 ft. after perforating.

The well was killed with brine and a bridge plug was emplaced at
a depth of 9460 ft. The tubing was then pulled back to a depth of 7750 ft.
and the well was acidized with 2,500 gal. of 15% HCl containing a NE agent.
35 ball sealers were used and good ball action was observed. The well was
opened to the pit after acidizing. It flowed back approximately 15 barrels
and died. 34 barrels of 37 KCl water were then pumped down the tubing,
and the bridge plug was retrieved.

B. Pre-frac Production and Testing

On December 5 a flow rate of approximately 200 MCF/D was observed., After
a brief shut-in period for pressure build-up the tubing was run into the well
along with 144 barrels of brine to kill it. The bottom of the tubing was set
at a depth of 9359.75 ft. The hole was circulated with 200 barrels of 3%
KC1l water prior to shut-in.

The well was shut in from December 6 to December 10. On December 10 a
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trace of load water and gas were flowed and a bottom hole pressure bomb was
run to a depth of 9430 ft. at 12:15 p.m. The tubing was left open to the

pit overnight. A trace flow of gas was observed along with an estimated 50
barrels of water per day. The bottom hole pressure bomb was pulled on December
11. The data from these pressure measurements are presented in the Cable Inc.
report in Appendix B. As indicated by these data, the average reservoir
pressure is estimated to be 4,264 psig, and reservoir temperature 186° F.

After the bomb was pulled, nitrogen was injected to unload water from
the tubing and casing. The well was then left open to the pit and flowed a
trace of gas and more than 100 barrels of water.

On December 14 a 180 hr. pressure bomb was run into the well by Cable
Inc. The bomb was on bottom at 6:35 p.m. During the first 41 hrs. and 45 min.
of the pressure measurements, the well was open to the pit so as to unload the
water prior to a gas flow test which was begun at 12:30 p.m. on December 16
(41 hrs., and 45 min. after the pressure bomb was on bottom). The flow test
was conducted for 22 hrs. and 15 min., ending at 10:45 a.m. on December 17.
Average flow rate was 33 MCF/D. Therafter the well was shut-in for pressure
build-up. The bottom hole pressure data are presented in the Cable Inc. report
in Appendix C.

C. MHF #2 Description

Halliburton conducted the massive hydraulic fracturing of the well on
December 21. The job was begun at 10:15 a.m. and was completed at 1:42 p.m.
The average injection pressure was 6500 psi; the average injection rate 35
barrels per minute; and the average hydraulic horse power used was 5,576.

Total fluid volume used was 247,500 gal. This included a pad of 40,000 gal.,

a treatment of 200,000 gal. and displacement of 7,500 gal. The frac fluid

was Halliburton's 'Versagel'. 50,000 1lbs. of 40-60 sand and 450,000 lbs.

20-40 sand were used to prop the fracture. The frac fluid additives are listed
in Table 2 and the frac pressures and injection rates are plotted in Figure 8.

D. Post-frac Production and Testing

The load water was flowed back beginning at 7:15 p.m. on December 21.
Sand flowed back in sufficient quantities to erode holes in the flow line.
The sand stopped flowing back at 5:00 a.m. on December 22.

On December 27 the well was hooked up to the treating unit and gas
sales were commenced at a rate of 477 MCF/D. The production rates as a
function of time from December 27, 1976 through June 30, 1977 are depicted
in Figure 9. As indicated in this figure, the rate had essentially stabilized
at about 155 MCF/D in April and remained at this average level throughout
May and June.

Cumulative water production from the start of flowback throughout June,
1977 is shown in Figure 10. As indicated by this figure, the water production
rate stabilized in March at about 20 BPD.
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IV CONCLUSIONS AND RECOMMENDATIONS

Both MHF treatments clearly resulted in non-economic production rates.
Because of the limited success achieved by MHF #2 on Interval #2, it is
believed that the reason for the disappointing MHF #1 results was the inherent
inadequacy of Interval #l1 to release its gas; probably because of an extremely
limited radial extent of permeability. Assuming this to be the case, it follows
that KCl water is compatible with the Mesaverde sands at least to an extent,
and therefore, may prove to be an acceptable, inexpensive frac fluid for this
formation.

MHF #2 enabled Interval #2 production rate to increase from 33 MCF/D to an
initial 500 MCF/D and to a somewhat stabilized 155 MCF/d at approximately 4
months following the frac.

It is recommended that MHF experimentation be continued with KCl frac
fluid and limited entry injection in the Uinta Basin. Improved methods
obviously need to be developed to 1) identify all sands amenable to successful
MHF treatment in a given well and 2) identify those areas in a given basin
that are most likely to contain sufficient thicknesses of sands amenable to
successful treatment. It is recommended that developmental work on these
improved methods be given at least as high a priority as is given to carrying
out experimental MHF treatments.

TABLE 1. MATERIALS INJECTED - MHF #1

MATERIAL AMOUNT CONCENTRATION, Amt/},000 pal.
Proppant 40-60 Sand 200,000 1bs. 1,000, 2,000, 3,000 lbs.
Proppant 20-40 Sand 400,000 1bs. 2,000, 3,000, 4,000 lbs.
Anti-Foaming Agent {NF-1) 365 gal. 1 gal.
Crosslinker (CL-11) 250 gal. .6 gal.
Surfactant (Super-Flo) 365 gal. 1 gal.
Non Emulsifier (3N) 18 gal. 3 gal.
Fluid Loss Additive (WAC-11) 1,000 1bs. 50 lbs.
HQ Acid 1,000 1bs. -
Gelling Agent (WG-2) 21,000 1bs. 60 lbs.
Friction Reducing Agent (FR-2) 250 1bs. 5 lbs.
Bactericide (Adocide) 185 gal. .5 gal.
Breaker (AP) 250 lbs. .1 = .25 1bs.
Breaker (GBW-3) 300 1bs. .5 - 1.5 1bs.
XC1 77,000 lbs. 166 1bs.
Corrosion Inhibitor (HAI-50) 30 gal. 5 gal.

TABLE 2. HALLIBURTON FRAC FLUID ADDITIVES - MWF #2
TRADE CONCENTRATION
ADDITIVE NAME UNITS SHOWN/ TOTAL USED
1000 gal. _
Non Foaming Agent NF~1 1 1b. 248 1b.

Surfactant TRI-3 1 1b. 248 1b.
Crosslinker CcL-11 0.5 gal. 121 gal.
Gelling Agent We-12 50 1b 124,000 1b.
Friction Reducer FR-20 3 1b. 25 1b.
Breaker AP-6BW-3 .25 1b, .5-1 1b. 61 1b., 86 1b.
Bactericide Adocide .5 gal 124 gal.

K1 250 1b. (32) 650 SKS
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OF RESERVQOIR PRESSURE - INTERVAL #2
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FIGURE 1. STATIC AND DIFFERENTIAL TEMPERATURE SURVEYS - 9/27/76
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MESAVERDE
HYDRAULIC FRACTURE STIMULATION
NORTHERN PICEANCE BASIN - PROGRESS REPORT

by

Robert E. Chancellor
Rio Blanco Natural Gas Company
916 Patterson Bldg.
Denver, CO 80202

ABSTRACT

Information gained from massive stimulation projects in the
northern Piceance basin was used to design a massive hydraulic
fracture for a 130 foot thick Mesaverde Group interval in a nearby
well, Pre-frac log interpretations indicated individual sandstone
units in the zone to be gas productive with variable reservoir
characteristics., It flowed 55 Mcfpd after a pre-frac breakdown
of 16 perforations. Seven thousand barrels of jelled KCl water
and 775,000 1b of sand were successfully injected at the rate of
37 barrels per minute. With 70 percent fluid recovery after 12
post-frac days, the flow rate was 800 Mcfpd. After one month, it
dropped to 200 Mcfpd and stabilized at 130 Mcfpd plus an average
of 3 barrels of high gravity oil and 3 barrels of water after four
months on 1/4" choke at 60 pounds tubing pressure. These results
are similar to two previous KCl based fracs performed in the well,

The KCl approach to drilling and completing Mesaverde wells
in this area appears to offer economically successful stimulation

ratios.

Prepared for ERDA under Contract No, EY-/6-C-08-0677.
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Introduction

The massive hydraulic stimulation of a 130 ft sandstone-shale
interval in Mesaverde Group rocks of the northern Piceance basin
was financed by a matching funds contract with the U. S. Energy
Research and Development Administration at an approximate cost of
$260,000.

Figure 1 illustrates the regional position in northwest Colorado
of two government-industry project wells which were drilled and
completed with the §urpose of contributing to the technology of
accelerating deliverabilities of natural gas from low permeability
sandstone reservoirs in the Rocky Mountains. Final reports on
these projects have not been published; however, the work is essen-
tially completed. Information gained from the projects and from
industry efforts in contiguous basins was influential in formulating
the design and execution procedures for the current stimulation
attempt.

The well involved was drilled by Rio Blanco Natural Gas Company
(#498-4~1 Government) about five miles south of the previous govern-
ment-industry projects (see figure 2) to correlative depths in the

Williams Fork Member of the Mesaverde Formation.

Geologic Summary

Figure 3 is a diagrammatic cross section from Grand Junction
to Craig, Colorado, showing the stratigraphic position of the rocks
which were stimulated. The interpretation is by Mr. G. G. Loucks.

The discontinuity of an extensive flood plain sequence comprises

E-8/2



a regional permeability barrier to natural gas generated in con-
temporaneous swamp deposits. The zone which was stimulated is
thought to be part of the nearshore facies of a brief but extensive
invasion of the Lewis sea across the area.
As seen on figure 4, the interval is about 1500 ft structurally
higher than correlative zones in the government-industry wells.
Figure 5 is a composite of pertinent data from the interval
of interest. Ninety-five ft of sandstone is present. Sandstone

Units 2, 3, 4, 7, 8 and 9 are medium to coarse grained.

Fracture Treatment

After perforating with 16 shots (black arrows), natural gas
production was 6 Mcfpd. The perforations were subjected to a 111
barrel breakdown using 3% KCl, nitrogen, and ball sealers. Post
breakdown flow was about 55 Mcfpd of 1142 B.t.u. gas. Calculations
of reservoir capacity (Kh) indicated the interval contains about
1.0 millidarcy foot.

The volumes of fluid and sand for the frac were determined
by computer calculations of fracture geometry. A total of 276,000
gallons of fluid (YF4PSD) was designed for the treatment, of which
12,000 gallons were to be used as pad. The remaining fluid carried
a total of 775,000 1b of sand of the following size:

225,000 1bs 100 Mesh (FLA 110)

434,000 1lbs 20-40 Mesh
116,000 1bs 10-20 Mesh
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The fracturing fluid consisted of 40 1b of a refined gel per
1000 gallons of water. The gel was crosslinked to enhance frac-
turing fluid properties such as cleanup, stability, and the ability
to transport large volumes of sand within the fracture. The gelling
agent selected (PSD) hydrates at a lower temperature than guar,
eliminating the necessity to maintain the water temperature at 70° F.
PSD is cleaner than guar; i.e., it contains approximately 2% solids
as opposed to 10% in the guar.

A very low surface tension additive, along with another sur-
factant that has clay stabilizing properties, was employed in the
fracturing fluid.

The water used to prepare the frac fluid was tested several
times, including prior to and after the on-site storage tanks were
filled. Storage silos and sand quality were checked prior to the
fracturing operations. A tailored breaker schedule was selected
to provide for a total break in four hours from the time pumping
started. This would allow for a short shut-in time with flowback
started immediately after temperature surveys.

The calculated injection required was 37 BPM. This rate would
provide approximately 650 psi differential pressure across the
perforations. The spacer technique was designed into the treatment
to insure maximum sand penetration. FLA 100 was used to inhibit
fluid loss in any natural fractures encountered and to promote
deeper penetration of the induced fractures.

Actual pumping for the massive fracturing started at 10:00

a.m. on October 22, 1976. A total of 7,617 barrels was pumped,
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including sand volume and flush. Injection rate was 37 BPM at
1,200 to 1,800 psi, with the rate being reduced at the end of the
treatment. The job was performed as scheduled.

Post-frac cleanup proceeded quite satisfactorily (see figure
6). In brief, 30% of the fluid flowed back in the first 36 hours,
after which the well died. Following eight days of swabbing and
a total fluid recovery of 46%, the zone began continuous flow.
Within an additional three days, total fluid recovery was 70%.
Gas flow then increased from gas-cut water to 800 Mcfpd. Within
22 days the gas flow declined to the 200 Mcfpd range, with average
fluid production being 3 barrels of water and 3 barrels of oil per
day.

This production rate stabilized at 130 Mcfpd after three months

of production.

Analysis of Characteristics

The ten sandstone units (figure 5) and their characteristics

as indicated by log interpretation are as follows:

Sand Post Post

Unit Thickness Sand Degree of Drlg. Gas Fracture Bkdn Frac

No. feet % Cementation Break Show Gradient Flow Temp

1 10 90 Tight Fair Good Good Top zero 140
& bottom

2 16 100 Friable Good Fair Good 14.4 =140

Middle

3 10 95 Friable Fair Fair Poor zero =140

4 12 90 Tight ? Fair Good Top 9.7 140

5 75 Tight Fair Good Fair zZero 140

6 50 ? Poor Poor Poor 8.4 -140

7 95 Friable Fair Good Fair Top 19.1 -140
(continued)
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Analysis of Characteristics - continued

Sand Post Post

Unit Thickness Sand Degree of Drlg. Gas Fracture Bkdn Frac
No. feet % Cementation Break Show Gradient Flow Temp
6 100 Friable Poor Poor Good 16.8 +140

80 Friable Good Good Poor 16.0 -140

10 10 70 Tight Fair Good Good Top 15.6 +140

Before frac, logs indicated Units 1, 3 and 5 were not contributing
to the flow rate. The frac effected communication with these units.
Penetration was best into Unit 9, moderate into Units 2, 3, 5, 6,

7, 9 and 10, and least into Units 1, 4 and 8.
Pre-frac Indications of Receptivity to Penetration:

Unit 2

Positive in all characteristics.

Unit 3: Positive except for fracture gradient and post
breakdown flow.

Unit 5: Positive except for post breakdown flow.

Unit 6: Negative in all characteristics except post
breakdown flow and temperature logs.

Unit 7: Positive except for fracture gradient.

Unit 9: Positive except for overall sand quality.

Log Indications for Poorest Penetration:

Unit 1: Positive except for firmness and poor frac
gradient in the middle.

Unit 4: Positive except for firmness and poor frac
gradient in the middle.

Unit 8: Positive except for comparatively poor
drilling break
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Frac Result Summary

Units 1, 3, and 5 were not contributing to post breakdown
flow. The frac probably established best communication with Unit
3 because of recéptive sand quality.

Units 2, 3, 4, and 5 probably comprise one sandstone body 68
feet in thickness. The frac probably made its main penetration
into Units 2 and 3, because of receptive sand quality.

Unit 6 may be a separate 24 foot unit of fractured or laminated
sandy siltstone into which the frac penetrated.

Units 7, 8, 9 and 10 probably comprise one sandstone body 42
feet in thickness. The main frac penetration was into Unit 9,
because of its receptive sand quality.

No combination of prefrac characteristics supplied by the methods
used appears to furnish information indicative of specific sandstone

unit receptiveness to frac stimulation in the Phase I Zone.

Conclusions

1. Sandstone units, which are the most friable and had the
fastest drilling times, were those most receptive to fracture
stimulation.

2. Gas shows in the drilling fluids or drill cuttings are not
dependable indicators of the potential productivity of any particular
sandstone unit.

3. In the absence of a consistent method for choosing those
frac candidates most receptive to hydraulic fracturing, a sufficient

number of sandstone units should be selected for treatment to
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maximize the probability of successful averaging of individual

stimulation ratios.

Comments on Economics

The #498-4-1 Govt. is the first well in the general area to
be drilled using exclusively a KCl mud program and KCl frac fluids.
The KCl system appears to result in an overall reduction of the
degree of swelling of clay minerals. Older wells in the area com-
pleted in correlative zones required pumping equipment to bring the
produced fluids to the surface in order to effect sustained gas flow.
Prior to the MHF in #498-4-1 two fracs were performed immediately
downhole in approximate 100 ft intervals. These stimulations re-
sulted in a comingled flow rate of 250 Mcfpd. All three zones demon-
strate an ability to sustain continuous flow rates sufficient to
prevent fluid loading of the tubing and casing~-eliminating the
need for pumping equipment.

As seen on figure 3, the rocks treated thus far are vertically
positioned in the middle of a 1500 ft thick sequence which is in-
terpreted to be a stratigraphic gas trap. No appreciable volume
of water has been recovered west of Piceance Creek field from this
sequence in wells on figure 4 whose structural positions are between
+1642 and -1375. The potential for a sizable development program
exists. The fracs performed in #498-4-1 have effected about one-
quarter of the zones of interest. If the present stimulation ratios
can be maintained in treatment of the balance of the sequence a

deliverability exceeding 1 million cfgpd will result.
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As the art of fracture stimulation improves, and as the
ability to select target sequences whose stratigraphic histories
assure hydrocarbon generation and reservoir presence under trapping
conditions increases, many cost savings will be possible.

Inherently, costs of drilling and completion in this tight
gas reservoir will remain comparatively high. The referenced final
report for the MHF includes an economic analysis of all work per-
formed in #498-4-1 to date. It projects a six-year payout period
for the $800,000 invested to date. Dependable calculation of
payout time awaits federal action on gas pricing.

The timing of full scale development of this reserve will be
keyed to realistic long term pricing regulations which recognize

the economics involved.

Reference: Massive Hydraulic Fracturing Well Federal No. 498-4-1
Rio Blanco County, Colorado, Final Report, H. K. van
Poollen, A. A. Ishteiwy, R. E. Chancellor, February,
1977. Prepared for the U. S. Energy Research and
Development Administration, Nevada Operations Office,
Under Contract No. EY-76-C-08-0677.
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RI0 BLANCO NATURAL GAS CO. - ERDA
CONTRACT NO. EY-76-C-08-0677

FIGURE 5
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GAS STIMULATION STUDIES AT LASL
by
W. J. Carter, B. W. Olinger, N. E. Vanderborgh, and T. E. Springer
Los Alamos Scientific Laboratory

Los Alamos, NM 87545

ABSTRACT

Optimized stimulation of georesource reservoirs requires a thorough
understanding of the physical, chemical, and mechanical properties of the
bed, of the systems and engineering problems associated with field exe-
cution, and of the complex technical and economic relations between per-
meability and production. In support of the Morgantown Energy Research
Center and the Eastern Gas Shales Project, the Los Alamos Scientific
Laboratory has undertaken an integrated research program touching on all
these aspects of the problem. Specifically, the program includes

a) Dynamic Rock Response. Hugoniots, dynamic spall strengths,
wave profiles on shock and release, and ultrasonic elastic constants
have been determined as functions of material density and bedding
orientation for Devonian shales. These data form the basis of predictive
explosive stimulation technology.

b) Explosively-Driven Jets. Weapons-developed shaped charges using
heavy metal liners are being investigated for downhole use in order to
produce a horizontal manifold system leading to a central borehole.
Applications of the paths produced by these devices include intersection
of the natural fracture patterns, explosive or chemical emplacement, or
producing hydrofractures displaced from the borehole.

c) Laser Pyrolysis. Pulsed laser heating results in a rapid
deposition of precise quantities of thermal energy into selected shale
volumes. Such laser-induced pyrolysis forms the basis for a rapid assay

technique which can be used at the wellhead or as a downhole logging tool.

d) Computer Simulation. A computational technique using a hybrid
(analog and digital) computer is being developed with the ultimate objec-
tive of simulating proposed extraction technologies to establish optimum
economic stimulation methods.

Three of these program elements are discussed in the following
sections.

Prepared for ERDA under Contract Nos. BB-01-02-02 and BB-01-02-04.
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{ EASTERN GAS SHALES UNDER DYNAMIC STRESS

Successful prediction and optimization of explosive effects in
geologic materials requires a thorough knowledge of the constitutive
relations governing the relation of rock response to impulsive loading.
Such constitutive relations must include description of both wave pro-
pagation and fracture phenomena under dynamic stress. The initial phase
of our program thercfore was directed toward acquiring these basic data.
Here, some of the dynamic properties of gas shales and the techniques
used to determine them are discussed.

ELASTIC PROPERTIES

The determination of the elastic constants of gas shales is the first
step towards under<tanding the shale's response to both static and dynamic
stresses. The samples whose dynamic properties are presented here were
obtained from only two pieces of 4-inch-core from the Columbia Gas Company
Well No. 20402, one from approximately 1040 m and the other from 1093 m
below the surface. X-ray diffraction patterns showed both to be common
illite shales where the composition is very fine silica or quartz grains
and a minor amount of anhydrous clay minerals. The densities of the two
pieces are 2.7 Mg/m® (1040 m in depth) and 2.4 Mg/m® (1093 m). These den-
sitites span a commonly accepted bulk density of 2.55 mg/m?® for eastern
gas shales.

The symmetry of the elastic properties of eastern gas shales is
transverse isotropic. This means that there is an elastic symmetry axis
of rotation perpendicular to the bedding and an elastic axis of two-fold
symmetry in the bedding planes.

The samples were prepared for sound speed measurements by cutting
them into plates 30 to 60 mm in diameter and 2.0- to 7.5-mm-thick at
angles 0°, 45°, and 90° to the bedding. Densities were determined using
the submersion mettod. The sound speeds were determined from the differ-
ence in time an ultrasonic pulse took to traverse an aluminum plate and
the combination of the same aluminum plate and a gas shale plate. Because
of interferences of the ultrasonic pulses at the shale bedding interfaces,
only first pulse arrivals were measured. Specifically, an aluminum plate
is set between the transmitting and receiving 22-mm-diameter transducers
(10 MHz x-cut quartz for longitudinal modes and 5 MHz y-cut quartz for
shear modes). The first signal arrival through the plate is set to a
fiducial on the screen of a Tektronix 454 oscilloscope, and the received
pulse is amplified by a Tektronix 461A wideband amplifier. The gas shale
specimen plate is then placed between the transducers along with the
aluminum plate. A suitable oil or resin is used to bond all sample-
plate-transducer interfaces. The first signal arrival is again reset to
the fiducial using the delay-time-multiplier dial of the oscilloscope.

The delay or time difference was determined using a time interval meter
of nanosecond accuracy and the two gate pulses generated by the oscillo-
scopes.
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We have assumed that the elastic wave velocities are a linear func-
tion of density over the density range studied here. This assumption is
known to be valid for kerogen-containing Green River oil shales for
samples of widely varying density. The linear equations for the five
different propagation modes measured are listed below with a description
of each.

V,(km/s) = +1.679 + 1.277 p  p = 2.4 to 2.7 Mg/m?® 1)

(v, is the longitudinal velocity directed parallel to the shale
bedding.)

v3 (km/s) = -1.003 + 1.808 p p = 2.4 to 2.7 Mg/m? 2)

(v, is the longitudinal velocity directed perpendicular to the
shale bédding.)

v, (km/s) = -1.332 + 1.438 p o = 2.4 to 2.7 Mg/m’® 3)
(vj is both the shear velocity directed perpendicular to the bedding

of the shale, and the shear velocity directed parallel to the bedding
with particle motion perpendicular to the bedding.)

VS(km/s) =+1.151 + 1.245 p  p = 2.4 to 2.7 Mg/m® L)
(V5 is a quasi-longitudinal velocity directed at 45° to the bedding.)
Ve (km/s) = +1.416 + 0.627 o o = 2.4 to 2.7 Mg/m? 5)

(v, is the shear velocity directed parallel to the bedding with the
particlé motion also parallel to the bedding.)

The velocities are converted to the elastic moduli of a transverse
isotropic solid by the following relations,

2

Chy = oY
_ 2
C33 = PY3
—- 2
Cuy = PYy
- 2
Cos = PV
C12 76 7 2 G
c,. = [(.5c., + .5c,, - pv_2)(.5C,. + .5C,, - pV 2}/ 251'/2 - ¢
13 by ooty g /\2k33 T Oty g '/ LY
- 2
8 (bulk modulus) (c33 + 2c]3) /(c33 20, 420, + ACIB).

The elastic moduli and bulk sound speed for the two density shales studied
here and for the average bulk density shale are listed in Table 1.
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DYNAMIC TENSILE STRENGTHS

In a shock wave's divergent propagation from both spherical and cylin-
drical symmetries, the initial positive compression rapidly converts into
tension. This dynamic tensile stress is a major cause of fracture in the
surrounding rock. Another form of fracture, though minor, caused by dynamic
tensile stress is spallation. Spalling occurs behind a free surface at
which a finite shock wave releases; the resulting rarefaction wave from the
free surface and rarefaction wave following the shock collide and form a
spreading tension wave. Thus, the dynamic tensile strength of rock is an
important property to be determined when attempting to predict the fracture
pattern of a rock. Here a technique is described for determining the dy-
namic tensile strength of gas shales and the results of studies using this
technique are presented.

The technique involves impacting shales of known shock impedance and
bedding orientation with a thin driver of known shock impedance generating
a well-defined shock in the shale. The impedance of the impactor plate is
chosen so that the interface between the impactor and the sample separate
after passage of the rarefaction wave from the rear free surface of the
impactor. |If the experimetal configuration is properly designed, the rare-
faction from the impact surface of the shales and their other surface
which is free interact in the middle region of the shale samples, creating
a tension wave. The target plate in which the shale samples are mounted
is recovered and the shales are removed and examined for spall. The experi-
mental configuration is shown and described in Fig. 1.

The impactor plate used is polymethyl methacrylate (PMMA), p, = 1.186,
its thickness chosen to cause collision of the rarefactions midway through
the gas shale. Since the shock velocity in shales are within a few percent
of their elastic longitudinal velocities at these stress levels, it was
assumed the stress P induced in the gas shale samples is approximately

where p is the density of the shale, C_ is the nieasured elastic longitudinal
velocity, and u, is the particle or interface velocity between the PMMA

and shale. Since the stress levels induced were approximately 100 MPa

(0.1 GPa, 1 kilobar), the stress induced in the PMMA impact plate is
approximately

P = pCB(UD—UP) 7)

where p is the density of the PMMA, Cg is the bulk elastic velocity as deter-
mined from the PMMA Hugoniot (Cg = 2.598 km/s), Up is the particle or inter-
face velocity before impact and U, is the particle or interface velocity.

At impact, both the stress and the interface velocity in the gas shale and
the PMMA at the interface are the same. |If the shock wave in the gas shale
is not overtakern by the release wave, and the thickness of the impact plate
is such as to prevent this, the magnitude of the maximum tension induced in
the sample should nearly equal the maximum stress.
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S. Sy (P P
Tension = -Up (o CL ) (p Cg") 8)
(0%¢ ®)+(pPcP)

where the s subscript denotes gas shale and p denotes PMMA. Both the den-
sity and elastic longitudinal velocity of each shale sample are determined
before each impact experiment, and the impact plate velocity is determined
during the experiment (Fig. 1), thus the tension induced in each sample
can be readily calculated.

The diagnosis of an impact experiment is straightforward. The target
plate is recovered in a large rag-filled tank, its back is removed and the
gas shale samples are pressed out. Each shale is then examined for spalling.
It was found that shales having a density of 2.69 Mg/m® would not spall
under tension as high as 66 MPa (0.66 kbars) if the tension waves propa-
gated along the bedding, but shales of a similar density, 2.57 Mg/m®, spalled
as low as 45 MPa (0.45 kbars) if the tension waves propagated perpendicular
to the bedding. For shales having a density of 2.40 Mg/m>, the tensile
strengths were less than 40 MPa for both propagation directions. The stress
rates involved in these experiments are of the order of 1 GPa/ps (10 kbars/
Us) and regions under tension remain in tension only about 2 ps if they do
not spall. Experiments involving lower stress rates and longer tension
durations would find the tensile strengths of the gas shales to be smaller.

RESPONSE TO PLANE STRESS IMPULSES

Properties of gas shales in response to dynamic stress can best be
determined from the analysis of the degradation of finite stress impluses as
they pass through the shales. Various techniques and analyses are currently
used by various laboratories, many of them originating at the Stanford
Research Institute and the Sandia Laboratories at Albuquerque.

The technique used here is to measure the stress history of an impulse
at several depths in a shale sample. The sample assembly consists of a
stack of plates all 40-mm in diameter. The first plate is 2-mm-thick, the
second and third plates are 4.,5-mm-thick; and the fourth is 5-mm-thick.
The impactor plate is usually 3-mm~thick. The density, elastic properties,
and orientation of all plates are matched. Between the shale plates of the
sample assembly are 50-ohm grids of 0.0l-mm-thick Manganin foil that cover
an area of 40 mm? in the center region of the plates. The resistance of
the grids are well defined as a function of stress under impact conditions.
The resistance is deduced from the voltage generated at the null point of
a pulsed Wheatstone bridge caused by the change in resistance of the man-
ganin grid. The sample-manganin gage stack is placed in a target plate
and surrounded by velocity pins. The entire assembly looks much like that
in Fig. 1 except that the 6 small samples are replaced by the stack, and
the PMMA plate mounted on the hollowed Al projectile is replaced with copper
plates for high stress levels and aluminum plates for low stress levels.

In the upper left diagrams of Figs. 2 and 3 are typical stress his-
tories such as were recorded in a number of experiments on the gas shales.
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The difference between the two experiments is the stress levels. The
response of the shales to the shock loading and unloading was calculated
using a computer code, GUINSY2, written by Lynn Seaman of Stanford
Research Institute. The theory on which the code is based and an expla-
nation of how the code is used was earlier described by Seaman (1). The
analysis requires the stress histories, a correlation of regions on the
stress profiles, the initial density of the shales, and the initial gage
locations. From the analysis the specific volume, the particle velocity,
and internal energy of the shales are correlated with the stress as a
function of time at each gage location. |In the remaining diagrams of
the figures are plotted particle velocity as a function of the loading
and unloading stress, strain as a function of the loading and unloading
stress, and the loading and unloading wave velocity as a function of
particle veiocity.

HUGONIOTS OF EASTERN GAS SHALES

The response of the gas shales to large shocks, between 10 and 100
GPa, was determined from simultaneous measurements of the shock wave velo-
cities through gas shale samples and through a standard material whose
Hugoniot (equation of state under shock compression) is well known. The
experimental technique is described in detail elsewhere (2). From the
measured shock velocities through both the shales and the standard, the
mass or particle velocities through the shales are deduced.

The state of gas shale is completely defined by knowing only the shale's
initial density (pg), the shock velocity (Ug), and the particle velocity
(Up) . The pressure (P), compression (1-v/Vo), and change in internal
energy (AE) for the shale are derived from the above three parameters using
.he Hugoniot relations

P = pousup 9)
V/Vy = (Ug-U,) /U 10)
AE = P(I—V/VO)/Zpo 11)

The locus of Uy, U, points for material not undergoing transitions in
structure or bonding and not influenced significantly by rigidity effects
is linear,

U =c+sU . 12)
S p

The data plotted in figures 4-7 can be fit satisfactorily with two linear
fits with a break between them at approximately Us = 5.75 km/s. This in-
dicates that there is a discrete reduction in the volumes of the shales at
the pressure associated with that shock velocity, 20 GPa. The volume
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reduction at that pressure between the two Hugoniots is 6% for the 2.4 Mg/m®

shales and 7% for the higher density shales. Since the major component of
the gas shales is quartz (30% to 60% by volume) the change in volume can
probably be attributed to the O-quartz to stishovite phase transformation.
The transition pressure found here is 6 to 10 GPa above the quartz-stisho-
vite pressure where the transition occurs at 25°C (extrapolated from high
temperature, static high pressure data) and occurs under shock compression,
respectively. There are several explanations for this difference. The
first is that the quartz, floating in a matrix of kerogen and other minerals,
requires time to attain an equilibrium pressure and to transform, resulting
in a shock wave, whose velocity is measured, being followed by a relaxation
wave caused by that transition. Below 20 GPa the shock wave is not overrun
by the relaxation wave for sample thickness used here, 5 mm. The other ex-
planation is that because of shock heating caused by pore collapse and com-
pression of the kerogen, the normal equalibrium transition pressure for
quartz is shifted to higher pressures. The knowledge of which explanation
is correct may be important since the first explanation would mean that the
shales may be able to absorb large amounts of energy at pressures as low as
10 to 14 GPa.

In addition to the transition pressures not being at equilibrium, the
lower pressure Hugoniots are also not at equilibrium. For equilibrium, the
constant term in the linear relation (12) is also the bulk sound speed.
Comparing the bulk sound. speed values in Table |1 with the intercepts in
Figs. b-7, one finds the intercepts to have much higher values. The Hugo-
niots determined for these shales at low pressures are a combination of
equilibrium compressions of the shale constituents and strong elastic com-
ponents. The elastic influence is evident in a comparison of the longitu-
dinal elastic wave velocities of the higher density shales and their Ug,

Up intercepts.

The high pressure Hugoniots (the upper linear Ug, Up fits in Figs.
4-7) all agree well. However, all the data seem to show systematic upward
curvature when compared with their linear fits. This probably indicates
transitions in one or more of the minor components of the shales masked by
the monotonic compressions of the remainder of the components.
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Il HYBRID COMPUTER FLOW MODEL DEVELOPMENT

In conjunction with the explosive stimulation-jet penetration program
for Eastern gas shales, we are developing a gas flow modeling capability
in which the geometry, permeability and porosity are functions only of
space, not time, during the flow process. Because the particular geo-
physical description of the shale may not be known, description may be
given in terms of probability distributions for fracture density and
width, permeability, porosity, thickness, etc. In this case it would
be advantageous to solve an ensemble of flow problems, determining the
expected value and distribution of gas flow. The LASL hybrid computer
facility is ideally suited for solving large numbers of gas diffusion
problems in a non-homogeneous, non-isotropic medium in two dimensional
cartesian or cylindrical geometry. Demonstration of the hybrid computer's
capability of solving these problems is an immediate objective of the
program,

In order to establish the capability of simulating gas flow in
Devonian shale, tools are being acquired and developed on both the CDC
7600 digital computer and on the hybrid computer. To provide cross
checks and to provide interim simulation capability while the hybrid
computer model is being developed, SIMPAC, a general nurpose diffusion
code, was obtained from the Morgantown Energy Researcn Center. Only
the portions of SIMPAC needed for compressible gas diffusion are current-
ly being used. SIMPAC was modified to allow two dimensional cylindrical
geometries as well as three dimensional cartesian geometries to be de-
fined.

The diffusion of gas in a permeable medium is given by the relation

(o4
10

13)

In

1 k P
=Ly kP g |
® Uz

Q
(el

where P is the pressure; z, the gas compressibility factor; ¢, porosity; 53
the permeability-viscosity ratio; and t, time., A hybrid computer program to
solve this equation in one dimension has been completed and a two dimen-
sional program is currently being implemented. The one dimensional model
contains most of the features that the two dimensional model will contain
and has guided the implementation of the latter. The continuous time
discrete space CTDS method is used. The reservoir is partitioned into
discrete volumes or nodes. The original partial differential equation

has been reduced to a set of ordinary differential equations whose initial
conditions are known, In the one dimensional demonstration model the
compressibility factor z is assumed to be unity. The equation for the

ith node is



where
i
A =
i+% u u
(E) .Axi+(E). AX:
i i+]

_ |
i 2q>i Axi

Figure 8 illustrates a simplified analog computer circuit to represent
Eq.(14). To make effective use of the hybrid computer it is necessary to
time share the hardware. The pressure and flow history of a portion of the
reservoir is determined for the time period of interest., The boundary
pressures are recorded and are applied as boundary conditions through
time when an adjacent portion of the reservoir is later simulated with the
same hardware but with the appropriate transmissibilities for the new
portion., Figure 9 describes a slab reservoir used to check the model, its
accuracy, sensitivity, and convergence characteristics. Six pressure nodes
were implemented on the analog computer and represented either reservoir
nodes 1 to 6 or 7 to 12, When the left part was being computed, the real
boundary pressure Po = 3.4 atm was used on the left side and the fictitious
pressure Py from the previous iteration was used on the right side. When
the right part was simulated, the fictitious pressure Pg from the previous
iteration was used on the left side and zero flow or pressure gradient was
the real boundary condition on the right side. Table |l shows the pressures
Pe and P7 for the 15 iterations required for convergence at a time of 100
days (100 msec computer time). For the initial iteration, all pressures
were assumed equal to 34 atm through time. From this it is felt that 15
iterations will also be required for the two dimensional model. Figure 10
shows a digital computer solution of pressures Py and Pg with hybrid com-
puter results in circules, To check the sensitivity of the recording and
playback of the boundary conditions, it was determined that an 0.3% full
scale error in the analog to digital converter zero adjustment resulted
in a 2,.8% error in Pg at the end of 100 days. Thus careful calibration
or compensation of the analog digital converter is necessary for the two
dimensional problem. Using the one dimensional results, the two dimen-
sional solution time is estimated at 16 seconds per problem.

The two dimensional model requires four analog computer consoles, two
Electronic Associates,Inc. 680's and two 7800's. A 15 by 12 array of
pressure nodes will be solved by sharing a 5 by 4 array three times in
each dimension. Two of the four consoles have already been wired and the
digital computer code to store and play back boundary pressures, change
transmissibilities, and operate the analog consoles has been written,
Hardware modifications to our equipment have been completed which make 16
digital to analog multipliers available (87 needed).
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RN PULSED LASER-INDUCED PYROLYSIS FOR THE CHARACTERIZATION
OF DEVORIAN SHALES

The development of the Devonian shales as an expanding resource for
natural gas and petroleum-substitutes requires a greatly increased under-
standing of this geological region. Consequently a major component of ERDA's
Eastern Gas Shales Project is to characterize the shale resource. The laser-
induced pyrolysis activity at Los Alamos Scientific Laboratory is one part
of that activity.

Limited inorganic geochemical information has been published concerning
certain regions in the Devonian shales, particularily the Chattanooga Shales
(3); less is known about the organic material incorperated in these forma-
tions. Although the thrust behind the current activity is to maximize gas
production, as various other processing options are considered the knowledge
of particular organic parameters will be needed. Total organic carbon, the
carbon/hydrogen ratio, the nature of the carbonaceous matrix (terrestrial-
marine origin), the oil yield upon retorting are the most significant. The
LASL program seeks to develop new methods to rapidly determine this neces-
sary data.

The organic geochemistry of these shales suggest that progenitors were
essential terrestrial and that the basic organic material resembles coal
of a low rank. Moreover, it has been concluded that methane, possibly the
product from degradation of cellulose-type materials, is dissolved in this
coaly fraction (4). One can expect, however, wide variations in the total
organic content as well as organic type. Most likely, the selection of a
particular processing option will be influenced by the types of organic
compounds present in a candidate horizon.

Laser induced pyrolysis is a convenient method for the rapid and
precise characterization of naturally occurring carbonaceous materials.
Work on Green River oil shales (5,6) and various coals (7) has shown the
general applicability of this approach. The experiment is shown schematic-
ally in Figure 11. The shale sample, either taken from a core section or
drilling chips, is placed in the sampling char“cr. Typically, analysis is
done on small segments less than 1 cm® in volu—c; only a small fraction of
this, approximately 5 mg, is consumed during the analysis. The pulsed
laser energg, 5-10 joules of 1.06 u light with a pulse width of approx-
imately 10~° seconds, is deposited into a srall volume segment, Upon the
termination of the pulse, a series of products are swept from the sampling
chamber into instruments for analysis.

Two types of product result (8). One, a series of low molecular
weight gases, is derived from the thermal quenching of the laser-induced
plasma (9). The plasma, a high temperature ensemble of atomic and molecu-
lar fragments, quenches rapidly after the pulse, rapidly enough to 'freeze'
out a molecular distribution that existed in kinetic equilibrium at the
elevated temperature. Consequently, one can use the composition of these
low molecular weight gases to learn about the atomic composition of the
shale. For instance, the ratio of CyH2/CoH4 has been shown to be a
convenient measure of the C/H ratio of the sample. The second type of
product consists of larger molecular weight fragments and volatile
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molecular species that result from the combined acoustical and thermal
shock wave that travels through the sample during the pyrolysis event.
These products, like the cracking patterns found in mass spectrometry,

are characteristic sections resulting from thermal fragmentation of unique
molecular types (10).

Several distinct types of analysis will be explored with this method:

1. Gas Yield The initial thrust behind the EGSP is to inventory the
resource for gas, i.e., to determine the recoverable gas yields. Theory
suggests that laser-induced pyrolysis yields will produce essentially no
methane from the thermally quenched plasma. Rather product methane results
from thermal shocking of a unique volume element and will represent the
methane that is released during the physical alteration of the sample.

2. Total Organic Carbon The amount of acetylene produced has been
shown to be a indicator of the total organic carbon in Western oil shales,
One would expect that this measurement would be equally valid in these
candidate materials.

3. C/H Ratio The atomic carbon/hydrogen ratio is a particularily
informative measure of the type of organic carbon and the possible process
options, This measurement will also be made on a variety of different
shale types.

Laser pyrolysis is a uniquely different approach for organic geo-
chemical measurements., It offers, due to the nature of the pyrolysis
event necessary, a degree of reproducibility. It also is a rapid techni-
que, one that can be done in only a few minutes, especially if the analysis
of the low molecular weight gases emanating from the plasma are of primary
interest., Lasers can also be focused to interact with specific volume
segments so that unique geometric regions in a sample can be analyzed.
This permits analyses across geological features, such as bedding planes
and even, perhaps, in a down-hole mode,

The program will initially concentrate on the development of standard
techniques for the rapid determination of gas and oil yields. These experi-
ments will utilize core sections in laboratory conditions and field measure-
ments on drilling chips. Correlations between laser pyrolysis results and
standard Fischer assays, like those that have been previously done on
western oil shales will be determined. Following these preliminary investi-=
gations, laboratory and field measurements will be completed to additionally
characterize the types and quantities of organic constituents in these
shale samples,
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Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.
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FIGURES

A front view of a target plate (a) and a cross-sectional view of
an impact experiment (b). The view, (a), shows the arrangement
of the shale samples in the target plate, machined from Al. Six
samples, D, of different densities and orientations are mounted
in the target plate, B. Each sample is backed with low density
(0.015 Mg/ms) plastic foam, H, to facilitate mounting the spe-
cimens' impact surfaces flush with the target plate's surface.
The specimens are held in the plate with a thin layer of epoxy.
Shorting pins, C, of various lengths are used to determine the
velocity of the impact plate, G. The front surface of the impact
plate is covered with a 0.01 mm thick Al foil shorted to the
projectile, E. A pulse is generated on a repetative time-marked
oscilloscope sweep as each charged pin is shorted. The muzzle
of the 3 m long, high pressure gas gun used to drive the projec=-
tile is labeled A, the target plate mounting screws are labeled
I, and the unsupported area behind the impact plate is labeled F.

Response of gas shale (p = 2.72 Mg/m®, & = 0°, C_ = 5.01 Kw/s)
to high stress planar shock loading and unloading.

Response of gas shale (p = 2.73 Mg/m®, 6 = 90°, C_ = 3.79 Kn/s)
to high stress planar shock loading and unloading.

Hugoniot of gas shale (p = 2.40 Mg/m?®, 6

to 80 GPa.

0°, ¢, = 4.7k Kn/s)

Hugoniot of gas shale (p = 2.41 Mg/m?®,

to 80 GPa.

90°, €; = 3. 35 Km/s)

Hugoniot of gas shale (p = 2.70 Mg/m3, ©

to 95 GPa.

0°, €, = 5.12 Km/s)

Hugoniot of gas shale (p

2.65 Mg/m®, 6 90°, ¢, = 3.63 Km/s)
to 95 GPa.

Simplified analog computer circuit for Eq. (14).

Schematic drawing of one-cinmensional reservoir model with parame-
ters used in the calculation.

Digital and analog computer results of model in Fig. 9 for

pressures P] and P6'

Schematic of Laser-lInduced Pyrolysis Instrumentation. Sample is
enclosed in a 6 mm ID quartz tube.
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TABLE |I. TABLE 1.
ELASTIC MODULI OF EASTERN GAS SHALE FICTITIOUS BOUNDARY PRESSURES P6 AND Py
DURING CONVERGENCE (100 DAYS)

Density (Mg/m?) 2.40 2.55 2.70
I TERATION Pe {atm) P7 (atm)
¢, (cPa) 54 62 71 NO.
Cq3 (cPa) 26 33 41 0 34.00 34.00
C,, (GPa) 1 4 18 ! 31.20 31.18
Cqg (GPa) 20 23 26 2 28.61 28.61
€2 (GPa) 13 16 19 3 26.27 26.31
€y, (GPa) 17 17 16 4 24.18 24.31
Bulk Modulus (GPa) 16 17 18 6 20.90 21.27
Bulk Sound Speed (km/s) 2.60 2.61 2.61 8 18.82 19.47
10 17.69 18.52
13 17.05 18.01
15 16.90 17.93
16 16.90 j7.91
SOmm

(a)

Figure 1
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DEFINITION OF FLUID-FILLED FRACTURES IN BASEMENT ROCKS*

by

J. Albright, L. Aamodt, and R. Potter
University of California
Los Alamos Scientific Laboratory
Group G-3, MS 981
Los Alamos, N.M. 87545

ABSTRACT

The Los Alamos Scientific Laboratory Hot Dry Rock Project, under ERDA
sponsorship, has studied the attenuation of acoustic detonator signals
traversing pressurized water-filled hydraulic and natural fractures. In
contrast to those propagated through unpressurized fractures, signals are
attenuated in high-frequency components (1-5 kHz) throughout the entire coda,
significant scattering is observed, and direct ray paths are changed. The
drilling of an exploratory well into the rock volume under investigation
confirmed the presence of fractures possessing high fluid conductivity.
Confirmation was on the basis of increased flow and temperature anomalies
encountered in the exploratory well, and on pressure changes in a nearby
pressurized monitoring well.

INTRODUCTION

The Los Alamos Sc1ent1f1c Laboratory, under ERDA sponsorship, is in-
vestigating concepts s2 for extracting thermal energy from hot dry rock at a
demonstration site in Northern New Mexico. A man-made geothermal reservoir
was produced by drilling a well into hot, relatively impermeable basement
rocks and making high conductance hydraulic fractures. These fractures were
subsequently intercepted by a second directionally drilled well. Heat ex-
traction was initially accomplished by water injected into the reservoir
through one well and returned through the other. By late 1977 the installa-
tion of surface plumbing will enable the completion of a closed-loop circula-
tion system by which pressurized hot water from the production well will be
cooled using a heat exchanger and recirculated through the reservoir. A
3 to 5 MW(t) heat extraction experiment will then commence to assess the
long~term behavior of the reservoir.

The development of the demonstration site is best described with ref-
erence to Figures 1 and 2, which show wellbore geometries in the reservoir
between the depths 7800 and 9200 ft.2 1In 1974 an exploratory well designated
Granite Test No. 2 (GT-2) penetrated basement at 2490 ft and was drilled to
a completion at a depth of 9619 ft in rocks having a temperature of 197°C.3
In 1975 a second well, Energy Extraction No. 1 (EE-1),was drilled for the
expressed purpose of intersecting a hydraulic fracture which had been made
at the bottom of GT-2. Due to then inaccurate and imprecise wellbore

*
Prepared for ERDA under Contract No. W-7405-ENG-36.
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surveys and to erroneous acoustic data, EE-1 was drilled to a completion
depth of 10,050 ft having never penetrated the probable locations at which
flow between wells through the hydraulic fracture could be directly estab-
lished. Instead, only a high-impedance connection between wells was ob-
served, unacceptably high for efficient heat extraction."

Even though the wells approached as close as 30 ft to each other, subse-
quent efforts to establish a direct connection between wells through addi-
tional hydraulic fracturing, and by chemical attack proved unsuccessful. It
was soon recognized that the inability to improve the system arose from
geometric constraints imposed by the relative positions of the two wells.

In anticipation of sidetracking one well to optimize geometric relationships
between wells, programs were initiated to develop requisite survey methods
for precise directional drilling and to define the location and physical
dimensions of the fractured rock. The former was accomplished. The latter
program focused on methods based on induced electrical potential, induced
seismicity,> and acoustic attenuation measurements. This article reviews
only the acoustic measurements; work on each area continues today.

Early results from these efforts provided sufficient information so that
in May and June of 1977 GT-2 was sidetracked into the GT-2A and GT-2B tra-
Jjectories and intercepted hydraulic fractures communicating directly with
EE-1. Those intercepted during the drilling of GT-2B were more conductive
and form the present connection existing between wells.

SHOT LINES AND DOWNHOLE INSTRUMENTATION

The projected source and receiver positions occupied during the succession
of acoustic attenuation measurements is shown in Figure 1. Horizontal dis-
tances represent a four-fold expansion of the depth scale sothat angular
relationships in projection are distorted. The four shot lines along which
measurements were made are shown. These are actually inclined at 45 deg to the
horizontal. Previous experience had shown that at this inclination, signals
from the source would contain a significant shear wave component.

The upper two shot lines traverse rock dominantly granitic gneiss in
lithology; the lower two, granodioritic rocks. Redundant measures of com-
pressional wave velocities by single-well and between-well acoustic surveys
give a uniform velocity of 19.2 + 0.4 ft/msec for both Tithologic units.
Within the precision of these surveys neither velocity anisotrophy within a
unit nor velocity differences between units appears to exist.

The acoustic signals for the attenuation studies were generated by
detonations. The signals were detected using a downhole triaxial geophone
system developed by Los Alamos Scientific Laboratory.® Four Mark Products
high-temperature geophones arranged in series comprise an axial set. Signal
output from each set was amplified by a battery-operated differential ampli-
fier potted in a silicone rubber epoxy and contained within an ice-filled
dewar. The geophones, batteries, and amplifiers operate at 1-atm pressure
with a steel housing. Continuous operation at 200°C is possible for periods
up to twelve hours,

Coupling of the geophone package is accomplished through a small d.c.
motor-driven arm. The arm is driven against borehole walls with a total
force of 200 1b. The entire package is 12 ft in length, has a maximum
diameter of 6 in., and weighs 120 Tb.
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The signal source consisted of a string of three high-temperature
detonators potted in silicone rubber epoxy and housed within a dumbbell-
shaped tool. The ends of the tool served both to centralize the detonators
in the wellbore and to partially deflect acoustic energy out of the wellbore.
A single vertical geophone placed in the tool above the detonations enabled
precise firing time to be established. The detonators' signals were rich
in frequency components up to 5 kHz, and therefore were particularly useful.

MEASUREMENT PROCEDURE

The result of the acoustic attenuation study is better understood if
the nature of the measurements is clear. The procedure followed on four
successive days was:

1. With the GT-2/EE-1 system at hydrostatic pressure (unpressurized),
the triaxial geophone system was locked in position in GT-2.

2. The detonator package was positioned in EE-1; three detonators
were fired in succession at an interval of approximately ten
minutes.

3. The detonator package was reloaded and returned to the former
position.

4. EE-1 was pressurized to 1550 psi, 200 psi in excess of the pressure
at which fractures in the EE-1/GT-2 system are known to be held
open and extended.

5. Three detonators were then fired,completing the measurements along
a specific shot line.

A total of six signals traversed a particular shot line; three propagated
through an unpressurized system; three through a pressurized system. Of the
24 planned detonator firings, 23 were fired successfully. The station depth
and coupling of the geophone package remained unchanged for all measurements
along a particular shot line. As evidenced by analysis of signals traversing
the 7923-ft shot line discussed below, pressurization of the EE-1 wellbore
did not change the characteristics of the source appreciably. Along that
shot 1ine no effects attributable to pressurized fractures were observed.

RESULTS

The interpretation of data obtained from the upper two shot 1lines and
that from the lower two are similar. The following analysis relates to a
shot line from each pair--the lines initiated by the detonator positions of
7923 and 8675 ft, respectively. Figures 3a and 3b give representative ex-
amples of the signals which traversed the EE-1/GT-2 fracture system during
times at which it was at hydrostatic and elevated pressures.

The low-frequency signal seen on the vertical records arose from
oscillations caused by water flowing past the geophone package during system
pressurization. Compressional and shear wave arrivals are clear on most
records. Records from the 8675-ft line show that pressurization of the
GT-2/EE-1 fracture system significantly modified signal waveforms. Wave~
forms appear to be changed in the time interval between compressional and
shear arrivals, as well as in the remaining portion of the coda. The arrival
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of the shear wave appears to be delayed or the sense of the consequent first
motion reversed. The variation in waveform of signals from the 7900-ft line
is small in comparison. The difference between records can be largely attri-
buted to non-reproducible characteristics of the detonator source pulse, and
may be used as a measure of it.

The sum of the signal power measured by each triaxial component and
averaged for 200-usec intervals for all signals is given in Figures 4 and 5.
The arrival of compressional waves and shear waves is clearly evident. A
third arrival occurs at 12 msec in records from the 8675-ft 1ine. After the
second or third arrival signal power decays experimentally in each case ex-
cept that for signals traversing the pressurized system along the 8675-ft
line. These signals show no appreciable decay during the first 25 msec of
the coda. In the pressurized system scattering structures have been pro-
duced which were not present in the hydrostatic system.

The power spectra of all signals recorded on the vertical geophone set
from each shot Tine is shown in Figures 6 and 7. "Maxima in the power spectrum
occur at frequencies near 600 and 2800 Hz, respectively. Signals traversing
the pressurized system along the 8675-ft 1ine show an attenuation of frequency
components above 1000 Hz. The loss of the 2800-Hz component implies that
attenuating structures were created along this shot 1line which have a width
or characteristic spacing as small as 7 ft.

Pressurization of the system also changed the travel path, or refracted,
the direct signals. Hodograms of the compressional wave arrival show that
signals traversing the pressurized system along the 8900-ft line deviated
from those of the hydrostatic system by 3.6 +1.4 deg. Refraction of the
direct signal apparently arose from oblique incidence and passage of the
signal through a bound volume in which propagation velocities were changed
by system pressurization. Comparable determinations could not be made using
signals from other shot lines because lower signal-to-noise ratios prohibited
measurements of acceptable precision.

GT-2 SIDETRACKING

The foregoing analysis appeared to indicate that a structure of charac-
teristic spacing or width as small as 7 ft, which refracted and scattered
acoustic waves, was present in the EE-1/GT-2 system. Furthermore, the struc-
ture was intercepted by signals traversing only the Tower two shot Tines.

This structure was inferred, and later confirmed by sidetracking GT-2, to be
comprised of fractures induced by reservoir pressurization. In addition,
prior to sidetracking the following was known about the reservoir: Seismicity
of the N-NW striking fractures could be induced by pressurization.® EE-1 was
in direct communication (through IZ, Figure 1) with low flow impedance, large
surface area fractures."

In May and June of 1977, GT-2 was sidetracked sequentially into the paths
shown in Figures 1 and 2. The planned GT-2A trajectory was to intersect, at
maximum vertical separation from the EE-1 injection zones, the inferred N-NW
fracture system. Drilling proceeded with the EE-1 wellhead pressurized and
carefully monitored. GT-2A intercepted a fracture at 8600 ft--a resulting
pressure drop was observed in EE-1 along with flow from GT-2A. Figure 8
shows a temperature log taken after termination of drilling in GT-2A. The
fracture producing water at 8600 ft is clearly seen as are deeper fractures
producing additional water.
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The existence of water-bearing fractures was confirmed by the redrilling
of GT-2A. However, the impedance-to-flow between GT-2A and EE-1 through the
fracture was too large for efficient heat extraction. Further drilling was
necessary. GT-2B was drilled to intercept the fracture system closer to the
EE-1 injection zones. Low-impedance fractures were intercepted at 8755 and
8860 ft, respectively. Figure 8 shows that most of the flow between wells
arises from the upper fracture.

CONCLUSION

The presence of water-bearing fractures created in the reservoir was
inferred on the basis of the scattering, attenuation, and refraction of
acoustic signals intercepting the structures under pressurized conditions.
The observations during the sidetracking of GT-2 into the GT-2A and GT-2B
trajectories confirmed this inference. Given the availability of two wells,
the capability of detecting a fracture system between the wells now would
appear to exist.
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UPDATE ON THE LLL GAS STIMULATION PROGRAM*
M. E. Hanson, R. J. Shaffer, J. R. Hearst, G. D. Anderson,
D. N. Montan, H. C. Heard, and D. Emerson

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

This report discusses the progress and current state of the Lawrence
Livermore Laboratory research program on the stimulation of tight gas reser-
voirs. This is primarily a theoretical and laboratory program; however, the
application and interpretation of geophysical logging is an essential part
of it. The theoretical hydraulic fracturing models in their current state
of development show that as the pore pressure is increased, the matrix stress
around a fracture becomes more tensile. Laboratory experiments, which use
unconfined specimens, show that both the characteristics of a layer and the
mechanical properties of the adjacent materials control the fracturing in
the region of the layer. We have acquired and interpreted some long-period
seismic logging data. The preliminary analysis indicates gas-producing
fractures intersecting the wellbore. Other fractures, which are either
barren or do not intersect the wellbore, are also indicated by the data.
Mechanical measurements of the Devonian shale indicate fairly uniform
mechanical characteristics; however, a degree of mechanical anisotropy was
noted for sections oriented horizontally or vertically with respect to the
shale structure. Reservoir analyses of the Rio Blanco nuclear stimulation
experiment and the nearby MHF experiment indicate that characteristic lens
dimensions were 40 to 60 ft (12 to 18 m) vertically and 400 to 600 ft (120
to 180 m) horizontally.

INTRODUCTION

Although U.S. gas resqurces remain large, the proven U.S. reserves have
declined to 230 trillion ft> (TCF). The current reserves/production ratio is
10 to 1. It is estimated that tight nuclear gas reservoirs and eastern
Devonian gas shales contain large quantities of gas, but these resources have
been difficult to recover. Some gas has been produced from these reservoirs
already, but industry needs more economical recovery techniques.

Several techniques have been used to stimulate gas production. One of
the most promising is massive hydraulic fracturing (MHF). MHF differs from
hydraulic fracturing, which has been used in oil well completion and cleanup
for many years, in that much larger amounts of fluid and proppant are pumped
down the well and out into the formation to create and prop fractures at
greater distances from the well. Other techniques include high explosive

*This work was performed under the auspices of the U.S. Energy Research and
Development Administration under contract No. W-7405-Eng-48.
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and nuclear explosive stimulation. They involve detonating explosives
underground to fracture the rock and allow production. High explosive
stimulation has been used extensively in the Devonian shales, and nuclear
explosive stimulation has been tried in three western locations.

The application of MHF techniques to tight gas formations has given
variable and sometimes disappointing results. The best efforts of a CER/
Industry/Government consortium to stimulate the Piceance Basin near Rio
Blanco, Colorado, have not been successful. On the other hand, Amoco has
used MHF techniques in the Wattenburg field near Denver with a high degree
of success. Significant differences in these reservoirs apparently contri-
bute to the differences in the success ratio.

The Devonian shales present similar problems. It is believed that
production from these gas shales results from the connection of the wells to
the existing fracture patterns. Hence, the problems here include locating
the producing zones, locating the natural fractures near the wellbore, and
fracturing from the wellbore to the existing fractures.

The Lawrence Livermore Laboratory has embarked on a research program to
help develop tight gas reservoirs in the United States. We are trying to ob-
tain a more detailed understanding of the stimulation processes, including
how the formation properties interact with and affect these processes. The
problem is to determine how to connect the maximum amount of productive
reservoir rock to the wellbore through a highly permeable fracture system.
There are several questions that we would like to be able to answer in
advance about Rocky Mountain areas. Can we identify particular sections
where the fractures may be expected to be preferentially confined to the
productive sands, resulting in a maximum volume of reservoir stimulated?

What is the geometry (length, width, and number) of the fractures? What is
the nature of the treatment (fluid composition, volumes, pumping rates, per-
foration intervals) which, when applied to a formation of certain properties,
will result in optimum and economic recovery. What are some of the important
geophysical measurements and experiments that can aid in this endeavor? What
data and experiences exist that are relevant? Most of the western reservoirs
contain a high degree of water saturation. High degrees of water saturation
can significantly reduce the already low permeability of these reservoirs.

Is it possible to use existing logging techniques supplemented by new geophy-
sical measurements to ascertain the in-situ water saturation?

Devonian shales are also very low in permeability and therefore present
many of the same challenges as the tight Rocky Mountain formdtions. There
are, however, some special problems. Logging techniques for these shales are
just being developed, and we have not been able to locate fractures that do
not intersect the wellbore by means of standard logs. The effect of the
hydraulic fracturing method on Devonian shales is not well understood. Water,
one of the standard hydraulic fracturing fluids, can cause significant forma-
tion damage; organic and cryogenic fluids are expensive; high explosive
fracturing makes well clean-out and completion costly and uncertain, and as
we have shown previously,l the diameter of permeability enhancement is small.
Gas fracturing is a developing art, and it shows promise for application in
the shales.

F-3/2



Our program is primarily investigative in nature. No major field
programs are currently proposed. We are constructing and applying theoreti-
cal models and performing laboratory experiments to develop an understanding
of the stimulation processes. However, one facet of the program is directed
toward geophysical measurement (logging) to provide insight into the environ-
ments where these stimulation processes are applied. Close association with
the ERDA-supported field programs will provide the interaction and direction
necessary to the program. The LLL program can be broken into seven task
areas: (1) theoretical modeling of the hydraulic fracturing process; 2) hy-
draulic fracturing laboratory experiments; (3) log tool development and
application and analysis of log data; (4) cataloging and evaluation of perti-
nent geological and geophysical reservoir data; (5) measurements of pertinent
reservoir properties; (6) reservoir analysis; and (7) evaluation of other
stimulation techniques.

THEORETICAL MODELING OF THE HYDRAULIC FRACTURING PROCESS

At the present time, two models are being used. One is designed to
analyze the local effects of the hydraulic fracturing process (that is, the
effects that control the orientation of the hydraulically created fracture)
and the other to calculate some of the long range effects of fracturing
processes such as surface deformations and stress fields across layering near
the fracture, Results from the latter model are being compared with field
measurements” to interpret fracture geometries.

The first model is much more complete in that pore fluid flow and pore
pressure effects are included with the elastic model of the continuum. The
model consists of the numerical solution of the two-dimensional time-dependent
porous-flow equations, which overlays a static two-dimensional finite element
description of the elastic continuum.3 This allows the time solution to be
controlled by the fluid flow into the fracture, while the static solution
follows as a set of equilibrium states at each time step. We ignore the wave
effects in the elastic solution. This approximation is valid since the wave
speed is much larger than the propagation velocity of a fluid-driven fracture.
For example, a fracture is driven on the order of 2000 ft in 5 to 8 h, while
an elastic wave traverses this distance in 0.2 s. At present, the coupling
between the elastic and flow parts of the code is in the pore pressure
effects using the equation generally attributed to Terzaghi:

Gl = GO—P) (1)

where Gl is the total stress, 0° is the solid matrix stress, and p is the
pore pressure. The permeability of the fracture is calculated using

2
k =§87/12, (2)
where k is the permeability of the fracture and § is the fracture aperature.
The hydraulic fracturing model, which includes the fluid flow and
pore pressure effect is in an advanced development stage, and we will pro-

ceed with further development as application warrants. Calculations show
that the model can allow a fracture to be pushed open by the fluid pressure
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and then to close as the fluid is withdrawn. A failure criterion, which
would permit fractures to nucleate and propagate has not yet been incorpo-
rated into the model.

The model has been applied in several check problems. The effects of
the pore pressure on the elastic strain field can be readily seen by examina-
tion of Figs. 1 and 2. Figure 1 shows contours of the dilatatiom shortly
after the fracture was pushed open by an injected fluid. Here we note two
dilatational or tensional lobes near the crack tips and compressional lobes
adjacent to the fracture faces. Figure 2 displays contours of dilatation
after the pore fluid has propagated from the fracture into the medium.

Here, we note that the compressional lobes have significantly decreased and
the tensional lobes are more predominant.

The second model is essentially a static/elastic model. Pore pressure
effects are not included. We used this model to study the effect of a layer
on the general stress field and surface deflection properties above a verti-
cal hydrofracture. As the problem geometry in Fig. 3 shows, we used half-
plane symmetry to simplify the calculations. The layer, typified by Poisson's
ratio vy, is embedded in a medium typified by Poisson's ratio vi. Young's
modulus was held constant for both materials. We kept the hydrofracture
location and width constant, but varied the layer depth a and the layer
width w independently. We made ten calculations, then reversed the Poisson's
ratios and redid the calculations. In some calculations, the layer was
wholly below the hydrofracture. In most cases, the layer completely or par-
tially contained the hydrofracture. For the problem shown in Fig. 3, we used
v1 = 0.35 and v = 0.20.

At the top of Fig. 3 is a plot of the surface vertical displacements
we obtained for the layer geometry shown. The general character of this
curve was similar for the different cases, but a change in the hydrofracture
location or width sometimes shifted the peak of the curve slightly and also
caused the amplitude to change. The parallel strain along the surface, when
plotted, also exhibited the same general characteristics as the surface dis-
placement curve with the peak corresponding to the peak in surface deflection.

Figure 4 shows the general distortional field in the region of the
hydrofracture. The most compressive stress is near the middle of the hydro-
fracture and the most tensile near the ends of the hydrofracture. Some of
the lines have been omitted near the hydrofracture due to the large gradients
in that region. The position of the layer is clearly visible on the contour
map.

LOGGING

Acoustic velocity logs are often used in finding fractures near the
wellbore.? We have used them for that purpose in the Devonian shales. A
wet-hole tool often used is the wvariable-intensity-recording continuous-
velocity log, marketed under such names as Microseismogram or 3-D 1og.6 The
data obtained with this log are normally recorded on film that moves past a
slit at a rate proportional to the logging speed. An oscilloscope sweeps
across the slit with each pulse of the sonde transmitter. The oscilloscope
beam s intensity-modulated by the acoustic signal, producing a bright trace
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for large positive amplitude, no trace for a large negative amplitude, and

a medium trace for zero amplitude. This is recorded on the film as light
and dark lines, with neutral gray for zero amplitude. Figure 5 shows such a
record.

Such logs are satisfactory for locating fractures near the borehole,
but since their sweep is generally quite short, the depth of observation is
quite limited. The equipment can be operated with much longer sweeps if
desired, although this is rarely done. At Columbia gas well No. 20403 near
Huntington, West Virginia, two wet-hole logs were run with sweeps of about
30 ms (an order of magnitude longer than normal). Part of the record is
shown in Fig. 6. The solid-looking straight vertical lines are water waves,
boundary waves, etc.; the "hash" beyond them is presumably signal returned
from reflectors far from the borehole. We hope to extract useful information
from this late-time record, or "coda."

The coda is rather difficult to interpret as it stands. Therefore it
was digitized on a microdensitometer. Unfortunately, the digitization had to
be performed piecemeal, and the result was a record of film density vs
position on the film, corresponding to signal amplitude vs depth and time.
These records were input to a contour-plotting computer program, and two
film~density contours were plotted for each section of record (Fig. 7). The
contours were then redigitized with a hand-tracing type digitizer so that a
new continuous record of a contour for the entire hole could be plotted. The
result is shown in Fig. 8. Also shown in Fig. 8 are two logs (a sibilation
log and a "fracture intensity log'"), which are indicative of gas entering
the borehole. Peaks in these logs seem to be associated with dips in the
contour log. These dips indicate that a signal of a given intensity dies
away sooner at that depth than at depths nearby; thus, the signal at that
depth is weaker.

An explanation of why such a dip might be associated with a gas show
has been suggested by R. C. Carlson of LLL. Assume that the signals seen
in Fig. 6 have been scattered many times from fractures before arriving at
the detector. If there are very few scatterers (fractures), no signal will
be returned to the detector. This situation obtains in the top part of
Fig. 6. 1If there are very many scatterers, the scattered signal will be
greatly attenuated, and there will be very little signal at the detector.
With an optimum number of scatterers, the signal will be largest. The dips
in the contour, then, indicate a situation in which the signal has been
greatly attenuated. This would suggest that there are many fractures and
therefore recoverable gas.

Figure 9 compares the logs in Fig. 8 with a number of others in the
same hole. Of them, only the acoustic-amplitude and the 3-D logs (run with
a transmitter/receiver spacing of 30 cm) seem to show anomalies not associated
with lithology. In both logs, the gas shows at 3100 ft and 3800 ft are
associated with anomalies. The 3-D log suggests that a fractured region be-
gins at 3100 ft and ends at 3800 ft. The amplitude log shows a low-amplitude
region there, which indicates fracturing, but there is nothing on these logs
to indicate the individual gas shown. Therefore, the log-sweep acoustic
log seems to be the most promising one currently available.
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Eric Smith of Columbia Gas Company has shown that peaks on a natural
gamma-ray log are associated with the presence of kerogen in Devonian shale.
A number of samples from Columbia Gas well No. 20403 near Huntington, West
Virginia, were analyzed with gamma-ray spectroscopy. David Coles of LLL per-
formed the analysis. Four of the samples were light in color, presumably low
in kerogen, and four were dark, presumably because of high kerogen content.

A high gamma count was found associated with the dark samples.

David Soles gg LLL alggsanalyzed for gamma-rays due to 4OK and the
chains of 23 Th, 2 U, and U. He used a Ge(Li) detector, which sees each
gamma peak in detail, and came out with a table of disintegrations per minute
for each of the four nuclides of interest. The table does not explain the
gamma-ray log of well No. 20403 by itself, and so it is not reproduced here.

The gamma-ray log in that hole was evidently performed with a Geiger-
Mu%ler counter, which does not discriminate between the gamma rays. The
23 U chain produces eight. When Coles' results are multiplied by these
factors, the result clearly explains the log. Figure 10 shows the gamma-ray
log in well No. 20403, with Coles' data, multiplied as above, properly
scaled, and with the two uranium chains added. It is obvious that the
majority of the count-rate difference is caused by the uranium.

Table 1 shows a geologist's description of the cores at each depth
point. The high-count points are also the darkest in color. Looking at the
powdered samples, the color difference is very clear between the dark
samples at 2740, 3055, 3220, and 3720 and the other four.

We may safely conclude that the difference in count rate between the
dark and light samples is caused by isotopes of uranium. Cole_has written
a paper that shows that coal is similarly enriched in uranium. This paper
may explain why the uranium is present in the kerogen.

MECHANICAL MEASUREMENTS OF DEVONIAN SHALE

Prediction of fracture intensity, geometry, and extent resulting from
high-explosive or hydraulic-fracturing stimulation of a low-permeability,
gas-bearing formation requires certain equation of state (EOS) or mechanical
measurements as input to the calculational codes. These measurements include:
tensile strength, failure envelope (under pressure), loading moduli, loading
path (up to the failure envelope), and pressure/volume behavior.

To characterize the mechanical behavior of the 10-cm core from Columbia
gas well No. 20403, we elected to subdivide it into four distinct units.
These were:

Upper gray member 807-1039 m
brown gaseous member 1039-1116 m
white slate member 1116-1203 m
Marcellos black shale member 1203-1233 m

Each of these units was then treated as an individual rock for the purposes
of defining an EQS. TFor each unit, we have planned to determine:
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1. The tensile strength parallel and perpendicular to bedding,
0.1 MPa.

2. The uniaxial stress failure envelope in compression to ~ 300 MPa
confining pressure, parallel and perpendicular to bedding.

3. The uniaxial stress failure envelope in extension to 400-600 MPa
confining pressure, parallel and perpendicular to bedding.

4. The pressure/volume behavior to 1.5 GPa.

5. The loading path in uniaxial strain (compression) beginning at
0.1 and 50 MPa confining pressure. Loading direction both
parallel and perpendicular to bedding.

6. The shear and compressional wave velocities to confining pressures
of 1.0 GPa (measurements made both parallel and perpendicular to
bedding for the determination of dynamic elastic constants).

During this past year, we have determined all eight sets of measure-
ments under item 1 above (two directions in each of four rock units). These
are summarized in Table 2, In general, there does not appear to be any dis-
cernible trend in strength with either depth or between rock units (for the
same orientation). The tensile strength parallel to the bedding seems to be
about two times that measured normal to bedding.

We have also completed all measurements outlined in item 2. Typical
results are illustrated in Figs. 11-14. 1In each figure, the compression
failure envelope for the virgin shale is defined by the points. At low-
moderate pressures, the failure mode is termed brittle in all cases and is
the result of combined tensile and shear fracture. The former dominates at
low pressure and is oriented parallel to the maximum principal stress 0j.
However, the latter becomes dominant at moderate-high pressures and is oriented
at v 30° to 01. At the highest pressures tested, these shale units frequently
become ductile, that is, all deformation is quasi-uniformally distributed
within the test sample. The brittle-ductile (B.D.) transition point usually
occurs at lower pressures for loading normal to bedding than for compression
parallel to it (Figs. 11 and 12). Also shown in these figures is the post-
failure strength envelope, designated by points A. This surface delineates
the shear strength of the fractured shale vs confining pressure. At the
brittle-ductile transition, there is no strength decrease upon failure, only
distributed flow, and hence, the two curves become identical at higher pres-
sures (Figs. 11-14). Comparison between Figs. 11 and 12 suggests that at
similar pressures, this shale unit has only about a 10 to 20% strength aniso-
tropy with loading direction. Loading parallel to bedding seems to be
strongest (except at the lowest pressure), but more brittle than for perpen-
dicular to bedding.

Determination of the failure envelope in uniaxial stress loading for
extension (item 3) has been completed for 5 of the 8 possible combinations
(two directions in each of four rock units). Examples of these failure
envelopes are illustrated in Figs. 13 and 14 for comparison with the compres-
sion curve. At low pressures, this extension envelope always is much lower
than that for compression; at high pressure, it may remain lower (Fig. 13) or
it may exceed it (Fig. 14).
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The pressure/volume behavior (item 4) of units 1 through 3 is
summarized to 4.0 GPa in Fig. 15. This figure clearly indicates that the
known gaseous shale member is the most compressible (except at low pressure),
followed by the Marcellus black shale member, and the white slate member.
Volume changes at 210 GPa, for example, are about 9.2%, 8.3% and 6.5%,
respectively for the three members. Each curve shown in Fig. 15 is based on
the average of 3 or more tests. These results are unaffected by sample
orientation.

Also shown in Figs. 11 through 13 are the uniaxial strain loading
paths as described in item 5 (above). In each case, regardless of the
initial starting pressure, this loading path rapidly becomes sub-parallel
to the virgin compression envelope curve at about one-half of that value.
Large hysteresis occurs upon unloading (Fig. 11).

Acoustic velocities listed under item 6 have not been completed.
These, as well as the remaining work noted above, will be completed in the

next quarter.

LABORATORY EXPERIMENTS ON HYDRAULIC FRACTURE

A laboratory experimental program has been established to provide a
better understanding of the initiation and growth of a fluid-driven crack.
The parameters to be considered are: (1) the mechanical properties of the
solid, i.e., elastic moduli, strength, etc., (2) the physical state of the
solid, i.e., presence of pre-existing cracks, porosity, layering, etc.,
(3) the boundary conditions, such as free surfaces, applied overburden
stresses, etc., and (4) the manner in which the crack-driving fluid is
injected into the solid.

The overall goal of this research is to explain how these parameters
determine the details of crack growth such as direction, orientation with
respect to fluid injection hole, growth rate, and forking or dividing. We
also seek an understanding of how a crack behaves in the region near an
interface, both in a single material and between two materials having dif
different properties. Clearly, laboratory-scale experiments cannot simulate
all conditions encountered in an actual in-situ hydraulic fracture experiment.
However, it is felt that the understanding gained will definitely be useful
in the design of large-scale fracture operations.

We have begun by investigating experimental techniques of generating
hydraulic fractures and controlling and observing their growth. A few
experiments have been performed on rocks, but for the majority, we have used
polymethylmethacrylate (PMMA) as the fracture medium. Its transparency
permits easy observation of interior cracks.

The technique used to induce hydraulic fractures in all experiments so
far has been to inject pressurized oil into the sample through a borehole
cased with a steel injection tube. A short, uncased, smaller-diameter por-
tion of the borehole is located at the bottom of the injection tube so that
the injection tube rests on a shoulder as shown in Fig. 16. The steel injec-
tion tube (0.250 in. 0.D.) is slightly smaller in diameter than the borehole
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(0.280 in. I.D.) and is secured in the borehole by a mixture of Hysol epoxy.
To give a definite direction to the work, we sometimes use a special tool to
make a small pre-crack in the open portion of the borehole below the injec-
tion tube. The dashed line in Fig. 16 denotes such a pre-crack. This
technique has been used so far only in PMMA fracture experiments. In each
experiment, prior to connecting the injection tube to the hydraulic pressure
line, we fill the injection tube and borehole section with hydraulic fluid so
that all air is displaced. Pressure is applied with a hand-operated pump.

Early in the program, a series of experiments were performed to assess
the relative fracturability of several rock types to be used in future experi-
ments. The test samples were generally cylinders 2 to 5 in. in diameter and
6 to 12 in. in height. The rocks chosen were Indiana limestone (porosity
about 15%), Nugget sandstone (porosity about 5%) and three types of shale.
Fluid injection holes were fabricated along the cylinder axis as described
above. The Indiana limestone and Nugget sandstone were found to be the
strongest of the rocks tested. They fractured in the 5000 to 6000 psi
injection~-fluid pressure range. The planes of these fractures were parallel
to the borehole as shown in Fig. 17, The shales were found to be much weaker,
fracturing in the 1200 to 1600 psi injection-fluid pressure range. The
shale fractures were in the bedding planes, which in these experiments were
perpendicular to the boreholes.

These preliminary experiments in rocks yielded little quantitative
data other than the relative fracture strengths of the different rock types.
Future experiments are planned to assess the effects of externally applied
stress fields and the rate of fluld injection on hydraulic fracture genera-
tion.

Experiments to study the effect of an external stress field were per-
formed using PMMA. The test specimens were 4 in. cubes. In the first two
experiments, the pre-crack was oriented parallel and perpendicular to the
faces upon which a 2000 psi load was applied as shown in Figs. 18a and 18b.
In the first case (Fig. 18a), the crack developed from the pre-crack at a
borehole pressure of 2500 psi and grew parallel to the applied stress. In
the second case (Fig. 18b), a new crack formed at a borehole pressure of
7000 psi and grew parallel to the applied stress. This new crack was inde-
pendent of the pre-crack. In a second set of two experiments, the pre-crack
was oriented at 45° to the cube faces along the diagonal as shown in Figs. 19a
and 19b. 1In one case no external load was applied, and the crack grew as
a continuation of the pre-crack at a fluid pressure of 2500 psi as shown by
the dashed line in Fig. 19a. In the second experiment, a 2000 psi load was
applied. At a 3000 psi borehole pressure a crack grew from the pre-crack
but turned and grew parallel to the applied load as shown by the dashed line
in Fig. 19b.

To study hydraulically driven crack motion near an interface, a block
of PMMA (8 in. x 8 in. x 4 in.) was sectioned into three pieces as shown in
Fig. 20. The interfaces I; and I, were machined flat. Interface I was
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bonded by a thin film of chloroform. Interface I3 had no bond. The assembly
was loaded with a stress of 2000 psi as shown in Fig. 20. The borehole was
pressurized to 3000 psi, where fracture occurred. The fracture did not cross

either of the interfaces, but was contained in the shaded area shown in Fig. 20.

In a similar experiment in which Indiana limestone was bonded to PMMA with no
external applied stress, the crack crossed the interface from PMMA into the
limestone. However, when the injection hole was put in the limestone and an
attempt was made to drive the crack from limestone into PMMA, the crack would
not cross the PMMA-limestone interface.

RESERVOIR ANALYSIS

As part of our study of hydraulic fracturing as a stimulation method,

we have performed further evaluations of the nuclear-explosive-stimulated well
(RB-E-01) located about one mile from the massive hydraulic fracture experi-
mental well (RB-MHF-3) near Rio Blanco, Colorado. In this experiment, three
30-kt nuclear explosives were emplaced at depths of 5480, 6230, and 6690 ft,
respectively. The upper explosive was in the Fort Union formation, while the
lower two were in the Mesa Verde formation. These are the same two formations
studied in the MHF well.

The explosives were detonated as planned on 17 May 1973. The explo-
sively fractured region was reentered thru the emplacement well and initial
production testing commenced in November 1973. The initial drawdown (during
which v 35 mmscf of gas were produced) indicated that contrary to original
expectations, the production originated only from the chimney volume created
by the top explosive, not from the three chimneys combined. Additional pro-
duction of about 65 mmscf during the first two weeks of February 1974 reduced
the chimney pressure to about 450 psi, and there was still no indication of
communication with the lower chimneys. (Rare gas tracers had been emplaced
with each of the explosives to give a measure of the contribution from each
chimney.)

In late 1974, the lowermost chimney was entered by slant drilling from
a well (RB-AR-2) offset about a quarter of a mile. Approximately 25 mmscf
of gas were produced in December 1974, and this lowered the chimney pressure
from an initial 1900 psia to just over 1200 psia. The well was then shut-in
to monitor the pressure buildup. An early indication that the well was
connected to gas sands of limited extent was the initial pressure of 1900 psia,
which was about 1000 psi lower than hydrostatic.

After several months of pressure buildup, an attempt was made (via
modeling studies) to evaluate the characteristics of the formation feeding
the chimney and the stimulation due to explosive fracturing. We used a
computer model, which simulated the chimney, fractures, and formation. The
gas-flow calculations were done using the TRUMP computer program.

The basic modeling procedure involved assigning values to the various
model parameters (permeability, pay height, permeability enhancement due to
fracturing, and chimney size), driving the model with the known production
history, and then comparing the calculated chimney pressure history with the
measured pressures. After changing the value of one or more of the parameters,
the process was repeated over and over until a reasonable match was obtained
between the calculated and measured pressure histories.
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This early modeling led to a pair of models that appeared to bracket
the somewhat scattered data. These models used permeabilities of 5 and 10 ud,
respectively, and a pay height of 50 ft. The radial extent of the models was
effectively infinite. With the passing of time, the effect of finite lens
size became evident as the calculated pressures continued to rise while the
observed buildup essentially stopped. Further modeling directed at a study
of the lens size led to the conclusion that a 10-ud permeability and a 50-ft
pay height, with an effective outer boundary radius of womewhat under 400 ft
would fit the data reasonably well. However, the observation that the
pressure history could be interpreted as showing a slight late-time decline
(within the scatter of the data) prompted a reconsideration of the model.

It was recognized that the chimney, initially at a temperature of per-
haps 600°F, would be very slowly cooling; however the low rate, on the order
of 0.1°F/day, would be only a small perturbation as far as the change in gas
density was concerned. It was then realized that the vapor pressure of water
(which contributes to the total pressure in the chimney) changes many times
more rapidly in this temperature range than does the absolute temperature.

A thermal model of the chimney and surrounding rock was constructed to obtain
an approximate thermal history of the chimney. This model indicated that
during the 600 days following the start of buildup the chimney temperature
declined only 40°F (from 500°F to 460°F), while the vapor pressure of water
dropped 300 psi (from 700 to 400 psia).

Further work led to a model with a formation permeability of 10 ud, a
pay height of 60 ft, and an effective lens radius of 450 ft. The calculated
and measured pressure-vs—time histories are shown in Fig. 21. Figure 22
shows the fracture-induced permeability used in the model.

GEOLOGIC STUDIES FOR GAS STIMULATION MODELS

Realistic models for the stimulation of gas from the Devonian brown
shale of the Appalachian Basin and the low-permeability western gas sandstone
require a careful consideration of the geology of each reservoir. In contrast
to the tight sandstone, the shale has a lower gas-filled porosity, (about 2%
versus 5%) a lower reservoir pressure (they are shallower and have less-than-
normal pressure gradients), and a very low gas permeability (less than 1 ud vs
about 2 nud). However, the reservoirs are thick (about 400 ft) and extensive
(55,000 to 110,000 square miles).

The Western sandstone formations are considerably more variable. Not
only do they show a wider range of physical properties, they are geometri-
cally variable. TFigure 23 shows the geographical distribution of basins
with low-permeability sandstone reservoirs. Areas like the Denver Basin
have predominantly thin, but extensive marine margin sandstone deposits that
are amenable to stimulation by long fractures. A few units of this type exist
near the basin of the Mesa Verde formation in the Piceance and Uinta Basins.
However, most of the reservoirs in these latter basins are flurial and lacus-
trine deposits, elongated lenses within shale. The stimulation technique and
analysis must take the spatial variations of these continental deposits into
consideration. A typical channel-fill deposit in the Piceance Basin Mesa
Verde formation is 25 ft thick, 350 ft wide, and 3,500 ft long. Clearly, a
fracture generated across the width need not exceed 350 ft in length. To be
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effective, a single well should be completed by stimulating each sand zone
according to its own characteristics. Detailed studies of typical basins
are now underway to provide the necessary information for an understanding
of local variations and their effect on stimulation methods.
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FIGURE CAPTIONS

FIGURE 1. Dilatation contours around a pressure-opened fracture at T = 0.44,
k t . cqs . .
where T = ﬁ?a:ﬁ—gi-zi; k is the permeability of the medium, P is
the viscosity of the injected fluid, o is the compressibility of
the elastic matrix, n is the porosity, B is the compressibility
of the injected fluid, t is the problem time, and L is the length

of the fracture.

FIGURE 2. Dilatation contours around a pressurized fracture at T = 4.138.
See Fig. 1 for a definition of the nondimensional time T.

FIGURE 3. Representation of a vertical hydrofracture in a 1ayered medium.
Vertical displacements of the surface are shown at the top of
the figure.

FIGURE 4. Distortional contours for the problem geometry shown in Fig. 3.
Distortion is defined as IE -£ | where €, and £, are the principal

strains. 12 1 2
FIGURE 5. Illustration of typical intensity-modulated, continuous-velocity
(3-D) 1log.

FIGURE 6. Part of long sweep logging record for Columbia gas well No. 20403
(signal is for 3690 ft to 3960 ft).

FIGURE 7. Initial contours for a segmented, digitized, sonic-logging record
for Columbia gas well No. 20403.

FIGURE 8. Composite of processed sonic logging record with two other logs
(the sibilation log and a fracture intensity log), which indicate
gas entering the borehole.

FIGURE 9. Composite borehole geophysical logs for Columbia gas well No.
20403.

FIGURE 10. Gamma ray log for Columbig gas well No. 20403, properly scaled
showing “Vk, 2327h and 23 U.

FIGURE 11. Failure envelopes for core from Marcellus black shale section for
Columbia gas well No. 20403. Samples tested were perpendicular
to bedding.

FIGURE 12. Failure envelopes for core from Marcellus black shale section for
Columbia gas well No. 20403. Samples tested were parallel to
bedding.

FIGURE 13. Failure envelopes for core from brown gaseous shale section for
Columbia gas well No. 20403. Samples were perpendicular to bedding.

FIGURE 14. Failure envelopes for core from white shale section for Columbia
gas well No. 20403. Samples were perpendicular to bedding.
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Compressibility curves for cores from Columbia gas well No. 20403.

Technique of securing injection tube in borehole (used with PMMA

Orientation of pre-crack with respect to applied load.

The effect of an external load on direction of crack growth.

Pressure-buildup history of the lower Rio Blanco nuclear chimmey

Permeability profile for theoretical model of lower Rio Blanco

FIGURE 15.
FIGURE 16.
samples only).
FIGURE 17. Hydraulic fracture in Indiana limestone.
FIGURE 18.
FIGURE 19.
FIGURE 20. Crack growth pattern in layered PMMA.
FIGURE 21.
compared to a theoretical match.
FIGURE 22.
nuclear chimmey.
FIGURE 23. Low-permeability regions.
20 T
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*
IN SITU EXAMINATION OF HYDRAULIC FRACTURES
by
L. D. Tyler, W. C. Vollendorf, and D. A. Northrop

Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

Hydraulic fracture experiments have been performed in Rainier Mesa at
ERDA's Nevada Test Site as part of a nuclear containment study. An expand-
ed program to understand hydraulic fractures as part of ERDA's Enhanced Gas
Recovery Program is underway. Three fracture experiments conducted to date
and plans for this mineback test project will be discussed.

The fracture experiments were performed in a 4-in diameter uncased
hole at a nominal depth of 1400 ft in a uniform ash-fall tuff formation.
Two experiments were conducted in one hole with different colored grout.
The results showed the strong influence of in situ stress on fracture direc-
tion and orientation. The third experiment used a water gel frac fluid
which was designed to place 20-40 sand, injected in three stages with dif-
ferent concentration and color, uniformly in the fracture. The resulting
fracture system was very complex. The effects of faults and bedding planes
on blocking fracture growth and changing fracture orientation were pro-
nounced. Data collection and analysis have not been completed, but valuable
insight into in situ fracture behavior has been obtained.

Further experiments are planned as part of this project to understand
hydraulic fracturing. Direct fracture observation by mineback and correla-
tion with geologic and material properties, fluid behavior, and fracture

parameters will form a bridge between modeling and laboratory studies and
empirical field production results.

INTRODUCTION

Hydraulic, explosive, and nuclear fracturing stimulation techniques
have been applied to low permeability natural gas reservoirs with varying,
but generally noneconomic, results. Massive hydraulic fracturing (MHF) as
being practiced is based on extensive, "conventional" fracturing experience,
laboratory experimentation, and empirical design models; the extrapolation
to the massive scale has not been generally successful. Industry has stated
the need to perform experiments in an environment which allows for direct
fracture examination and evaluation. ERDA's Nevada Test Site provides this
opportunity. An existing tunnel complex and support facilities of the Site
have been used for the direct examination of hydraulic fractures. These
mineback experiments form the basis of a new project aimed at the under-
standing of complex fracturing processes.

* This work was supported by the United States Energy Research and Develop-
ment Administration, ERDA, Under Contract No. AT(29-1) 789.
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This paper is divided into two parts. The first part, In Situ Mineback
Experimental Results, presents the results of the mineback hydraulic frac-
turing experiment performed at the Nevada Test Site. The second part,
Mineback Test Project, outlines the role of Sandia's project in the gas
stimulation work done by industry.

IN SITU MINEBACK EXPERIMENTAIL RESULTS

Since 1974 Sandia Laboratories has had an active research program in
hydraulic fracturing. Our initial motivation for the research came from
the underground nuclear test program, where our concern was how a leak might
occur due to hydrofracing by a condensible fluid. The objectives of the
fracturing program were to establish small-scale hydraulic fracture experi-
ments as an in situ stress tool and study the behavior of hydraulically
formed cracks in an in situ environment. This work was done in the G Tunnel
Complex of Rainer Mesa at ERDA's Nevada Test Site. All the experiments were
conducted adjacent to the tunnel so that the fracture data could be collec-
ted during a mining operation. The first objective related to in situ stress
measurements has been met and hydraulic fracturing is routinely used to mea-
sure in situ stresses in the tunnel with a low volume, high pressure pumping
system. The aims of the second objective have been expanded to include re-

quirements for hydraulic fracturing research to support ERDA's Enhanced Gas
Recovery Program.

Three hydraulic fracture experiments are described below. All of the
experiments were conducted in 4-in diameter uncased holes at a nominal depth
of 1400 ft. 1Two experiments were conducted in Hole U12gl0.3 using colored
grouts as a fracture fluid. The third experiment was done in Hole Ul12gl0.5
using a water based gel as a fracture fluid.

Hole Ul2gl0.3. Two hydraulic fracture experiments were conducted in
this hole at different depths. The bottom fracture used a red grout frac-
ture fluid at a bottom hole depth of 1395 feet. After the first experiment
was accomplished, a grout plug was poured and the second experiment was
done with a yellow grout at a depth of 1365 feet. The fracture interval in
the hole for both experiments was 10 feet with a bridge plug set at the top
of the interval. Formation breakdown was done by initially injecting 200
gallons of water. This was followed by 272 gallons of grout with water to
flush the system. The total volume injected was 700 gallons. The average
treatment rate was 3.2 barrels per minute. Flow rate and surface injection
Pressure were only measured.

The formation rock for these experiments was a uniform ash-fall tuff
which has the properties listed in Table I. The mineback investigation
showed that both fractures were almost vertical with a dip that varied
between 83° and 87° NW. The fractures were also planar in that the bearing
for the yellow fracture was N 53° E for 20 feet of recovery and the red
fracture bearing varied from N 47° E to N 53° E over a distance of 50 feet.
No lateral and vertical extents of the fractures have been defined as yet,
but a coring program is underway to complete the fracture geometry defini-
tion. The dip and bearing directions of the two fractures correspond to
the minimum horizontal principal stress direction. The calculated down
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hole shut-in pressures compared well with those measured by small hydraulic
fracture in situ stress tests done in the tunnel complex.l The tunnel tests
gave 894 psi for the minimum principal stress with a value of 1065 psi for
the Hole 12gl10.3 fractures. The dip and bearings found for the small test
agreed well with the two grouted fractures.

Hole Ul12gl0.5. A single fracture experiment was done in this hole.
The purpose of this experiment was to try to gain some information on the
fracture fluid motion during the fracture creation and to get some data on
fracture width. The experiment was done in the ash-fall tuff rock described
in Table I. The fracture design called for a water based gel (PWG/FR2GL)
with colored 20-40 sand of different concentrations to be phased into the
fracture schedule at an injection rate of 4 barrels/minute. The design
schedule is given in Table II. Flow rate and surface pressures were mea-

sured. An annulus pressure was measured to help determine the down hole
values.

The mineback evaluation of the experiment has not been completed, but
some very interesting results have been obtained. The hole drilled for this
experiment penetrated a region of the formation between two faults which
strongly influenced the fracture growth and orientation. The faults had
small displacements of the order of an inch and contained a rubble zone
which was about an inch wide. The formation also had a number of thin bed-
ding planes in the experimental area. The effect of these features on frac-
ture geometry are presented below.

The plan view shown in Figure 1 shows the outline of the tunnel exca-
vated for fracture examination. The enclosed area shown at the bottom of
the figure is an excavated bench. The experiment hole is shown at the 55
foot station. The first view of the fracture system is a profile along the
line A-A. The A-A view, Figure 2, shows the entire mined fracture system
projected on the A-A line. Two fractures were formed. The primary fracture
was nearly vertical with a dip varying between 85° NE to 85° NW and essen-
tially lies in the A-A plane except for the tail from CS20 to CS40 which
curved out of the plane. The faults and bedding planes are as observed in
the A-A plane. The secondary fracture system shown was projected on the
A-A plane from the tunnel bench noted in Figure 1. The experiment hole is
shown as VDH #5 with the fracture initiation interval being the thin line
below the wide line. 1Two important results about the primary fracture can
be seen in this profile. First, the fault to the left of the hole blocked
the lateral growth to the north and, secondly, a bedding plane a few feet
above the initiation level served as a barrier to vertical growth. The
effect of the fault to the right of the hole is shown in later views. Bas-
ically, the path of least resistance was downward.

A vertical cross-section, plane D-D, is shown in Figure 3. The primary
fracture system is shown passing through the hole and stopping just below
the upper bedding plane. The secondary fracture is shown to the left. This
fracture has a dip which varies from 10° NE to 80° NE. The marked changes
in fracture dip are due to very thin bedding planes. The dashed line at the
intersection of the two fractures denotes the absence of sand. Referring
to Figure 2, the next view of the fracture system is a plan view of plane
E-E. The E-E plane is shown in Figure 4. The fault to the left has retard-
ed the lateral growth, as mentioned earlier, to the north and a new weak
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fault is evident between the other two faults. The fracture is not connect-
ed across the fault to the right in this plane. On the right side of this
fault, the fracture begins to change bearing by approximately 40° to the
east. Another observation is that the secondary fracture system does not
extend to this depth.

From the observations of the placement of the sand and the shape of the
fracture system, it appears that the fracture initiated and grew in the down-
ward direction because of barriers due to the fault to the north and the
parting plane above. The fault to the south did not stop growth but there
is evidence that a marked change of in situ stress exists across the fault
because of the direction change of the fracture. Continued exploration of
this fracture is planned which includes in situ stress determinations across
the faults and bedding planes in addition to further fracture examination.

The above results from the mineback investigation of the hydraulic
fracture experiments have demonstrated how different geological features
affect fracture growth. In a uniform media, the fractures are vertical
with a consistent dip and bearing. When faults or bedding planes are pres-
ent, the fracture growth may be retarded or reoriented. Additional in situ
stress measurements and material property data are being obtained to further
quantify the observed fracture behavior in these experiments.

MINEBACK TEST PROJECT

The mineback experiments just presented have been performed as part of
a nuclear containment program; their commonality and application to enhanced
gas recovery is obvious. An expanded scope of activities is planned for a
recently initiated Sandia Laboratories project which is part of ERDA's En-
hanced Gas Recovery Program and which is aimed at the understanding of com-—
plex fracturing processes. This mineback test project is intended to form
a bridge between the design modeling and laboratory studies and the empiri-
cal field production results which are the basis for today's fracturing
technology.

One view of the role of mineback testing is given in Figure 5. A frac-
ture stimulation as undertaken today is indicated by the upper half of the
figure. 1Industry and service company experience, plus inputs from well logs
and other geological information, results in a frac design, the frac job in
the field, and a final evaluation. This evaluation is based primarily upon
gas production in combination with the operational parameters (fluid type,
pumping rate, proppant, etc.) of the job. The evaluation is empirical in
nature with the experience contributing to the design of further jobs.
Mineback testing offers more information which can contribute directly to
production design and practice. BAs seen in the figure, Sandia would serve
as a catalyst in the planning, conduct, and evaluation of a mineback frac-
ture experiment. Evaluation here is accomplished by direct observation of
the produced fracture and correlations can be made with the material prop-
erty, fluid behavior, physical description, and operational parameters as
listed. Note that the evaluation feeds back into the same industry-service
company experience and knowledge base used in production.
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The Mineback Test Project's objective is to understand, and thus im-
prove, fracturing processes for enhanced natural gas production from low-
permeability reservoirs. Tasks contributing to this objective are: (1)
mineback testing for direct fracture observation and evaluation; (2) rock
mechanics, fluid dynamics, and geochemical studies required to interpret
observed fracture behavior; (3) incorporation of the results into improved
stimulation design models and calculations; (4) assessment and calibration
of logging and instrumentation techniques for fracture mapping and charac-
terization; and (5) testing of innovative stimulation techniques.

Industry and service company participation in all aspects of this pro-
gram is essential. Such industrial interest has been high, and further
participation is solicited in this paper. This program will provide a
unique opportunity to quantify fracture behavior and is not being done
elsewhere.

The trade-offs between number and scale of the experiments and the
costs, time and "real estate" consumed by mineback for adequate characteri-
zation must be carefully assessed in the test planning. Important experi-
mental areas include: (1) the effects of different fluids, proppants, and
pumping schedules upon proppant distribution and fracture conductivity; (2)
interaction of the created fracture with naturally-occurring fractures and
formation interfaces; (3) the effects of different or novel completion,
preforation, and frac techniques upon fracture initiation and propagation:
and (4) chemical explosive fracturing. Initial tests would be small-scale,
but subsequent larger tests would be conducted to establish scaling param-
eters appropriate to MHF. Extension of these tests to deep uranium mines
which underlie Cretaceous formation of the San Juan Basin is envisioned to
provide similar information in a more representative environment.

A formation interface experiment is planned for late summer 1977. Hy-
draulic fractures will be created above and below an ash-fall tuff-welded
tuff interface at a depth of v 1350 ft. The two formations have contrast-
ing densities and Young's modulii of 1.77 and 2.19 g/cm3 and 0.24 and
2.41 x 106 psi for the ash~fall and welded tuffs, respectively.

Supportive rock mechanics, fluid dynamics, and geophysical and geochem-
ical studies will be performed to aid in the interpretation of observed
fracture behavior. The mineback experiments will allow for confirmation,
in a field environment, of the laboratory and modeling efforts. Formation
properties (fracture toughness, spallation, uniaxial and triaxial stress-
strain relationships, anisotropy, etc.) will be measured under different
conditions of stress, temperature, and water saturation. Fluid dynamics
during fracturing involves investigation of frac fluid viscosity as a func-
tion of time and temperature, proppant mobility, and fluid loss to the for-
mation. Finally, the resultant permeability for gas flow from the formation
to the fracture and along a propped fracture to the well will be investi-
gated and modeled. The geophysical and geochemical effects of the forma-
tions on these properties will receive particular attention to make the
results applicable to other field environments.

The mineback tests will be used for the assessment and calibration of

instrumentation techniques for fracture characterization. Borehole and
adjacent-station seismic techniques which map the source of signals generated
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by the growing fracture appear promising but are known to be complex.
Electrical, displacement via tiltmeters, trace, and improved pressure mea-
surements will be investigated. Logging technigue—-in situ property--
observed fracture correlations will be made. Finally, in situ stress mea-
surement technique comparisons will be made in "side-by-side" tests.

CONCLUSIONS

The feasibility of the in situ examination of hydraulic fractures by
mineback has been demonstrated. Preliminary results have shown the effects
of in situ stress distributions, material properties, and other geologic
features upon fracture behavior. An expanded project has been initiated
aimed at the understanding of complex fracturing processes by correlating
direct fracture observations with laboratory and modeling studies and field
production experience. Applications to enhanced gas recovery will be
emphasized.
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TABLE I

ASH-FALL TUFF ROCK PROPERTIES

Bulk Density (gm/cc) 1.77
Grain Density (gm/cc) 2.42
Porosity (%)* 44.6
Modulus of Elasticity (x 10® psi) 0.236
Poisson's Ratio 0.312
Bulk Modulus (x 106 psi) 0.211
Shear Modulus (x 10° psi)* 0.111
Permeability (millidarcy) 0.01

*

Calculated
* %

Helium permeability test on 4.75-cm diameter by
5.18-cm long specimens. Test conducted on as-—
received specimen with zero confining pressure
and 300 psi driving pressure. (Our experience

- shows with small confining pressures the per-
meability values may be one or two orders of
magnitude smaller.)
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TABLE II

DESIGN SCHEDULE FOR HOLE U12gl0.5

Fracturing Fluid: PWG/FR26L

u =179 cp

Schedule: Injection Rate = 4 barrels/minute

Volume

350 gal Pad

450 gal 1 1b/gal 20-40 Sand-Black
400 gal 2 1b/gal 20-40 Sand-Red
400 gal 3 1b/gal 20-40 Sand-Blue
160Q gal TOTAL

o
Sy
PLAN VIEW

< N=

. &
TSF\% o

F-4/7



D= C<:|1
Q Q Q o & c ) o
~ @ [¥s] I = N =
%] D " <9 » D % o\ 7
o o *® (@) Q ~ (&} © (&)
I I T I i 3 ' | - 6190
o [0}
> Q
R I
SFEé\:EgTDSRg PARTING | pRIMARY
PLANE ON|  FRACTURE
BEDDING
- 6180

FAULTS D CJ-J C‘__L

1 - ___—g - 6170

—3 - 8160
E

VERTICAL | PROFILE 61
PLANE A-A
FIGURE 2

— 6190

_+_

PRIMARY
FRACTURE ___ 6'80

EL.617580T.

- — _|HOLE ZERO
———————— REF LINE

— 6170

BROWN

FRACTURE OXIDE

— 6160

VERTICAL ' SECTION D-D

+ THROUGH VDH #5 +
(CSO+55.5 NOTES)
(LOOKING NORTH) ~ — 6150
FIGURE 3

F-4/8



PRIMARY FRACTURE

+ PLAN E-E (6160 ELEV) +
-5
FIGURE 4
PRODUCTION EVALUATION GAS PRODUCT ION
FRAC
+
INDUSTRY —o- 4——4

AND DESIGN OPERATIONAL

+
MINEBACK A DIRECT
SANDIA FRAC EVALUATION OBSERVATION
3
[ I 1
PHYSICAL DESCRIPTION AJ I MATERIAL PROPERTIES | [ FLUID BEHAVIOR AJ

LENGTH IN S17u STRESS PRESSURE

HelGHT STRENGTH FLow

WIDTH MopuLus RHEOLOGY

ORIENTATION FRACTURE TOUGHNESS PropPANT DISTRIBUTION

VARIATION SATURATION FRACTURE CONDUCTIVITY

PerMEABILITY LEAK-OFF

GEOLOGIC VARIATION

FIGURE 5

F-4/9



A STATUS REPORT ON THE MHF MAPPING AND CHARACTERIZATION PROGRAM¥*

by

Carl L. Schuster
Sandia Laboratories
Albuguerque, New Mexico 87115

ABSTRACT

The surface electrical potential system was refurbished and
updated during this year prior to conducting several field experi-
ments. Results from these MHF's not only include fracture orientation
but also provided some insight into fracture growth periods. A very
shallow fracture experiment was also conducted to calibrate the
models and allowed verification of several different mapping techni-
ques. The surface seismic recording effort has been terminated and
its emphasis placed on downhole, wall clamped, three-axis geophone
recording system. This system should be available for testing
during fiscal '78.

INTRODUCTION

During the previous year, Sandia Laboratories has joined with
several operating companies to perform diagnostic experiments on
gas stimulation via massive hydraulic fracturing. These experiments
have covered a wide range of depths, formations, and regional loca-
tions to study hydraulic fracturing. The surface electrical potential
was the primary means of obtaining this diagnostic information. This
system utilizes the fracture well as one of the current electrodes in
a typical four element resistivity array. The changing geometry of
this current electrode as the conductive fracture fluid is pumped
into the ground results in a changing potential pattern at the sur-
face which can then be mapped. The orientation and asymmetry of
the fracture can then be determined from the surface. Also the
fracture growth periods and lengths of time that the fracture length
is being extended can be determined. These potential changes and
the theoretical model for them was presented at the SEG meeting in
Houston.!l

Four experiments were conducted during this year and their re-
sults indicate that the surface electrical potential system design
effort has been completed and its application to hydraulic fracturing
has been proven. Yet to be determined are the limitations and
capabilities of this system when applied to deeper or smaller hy-
draulic fracture experiments. These results will have to be
determined by both a combination of model tank work and actual
field experiments.

* _ .
This work supported by the U.S. Energy Research and Development
Administration.
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The recording of seismic signals associated with hydraulic frac-
turing on the surface has been discontinued. The results of the
January 1976 Wattenberg experiment have been completely analyzed
and indicated that fracture signals were not being received at the
surface. The seismic effort has been shifted to a downhole, wall
clamped seismic system where the planned utilization will be for
the breakdown phase. Hopefully seismic signals can be created
during the breakdown pumping by varying the rates, pressures and
shut in times to determine close in to the wellbore the fracture
orientation and height. This should result in some interesting
information concerning vertical fracture growth into the overlying
and underlying beds of planned containment. This system will be
ready for experimental testing during the following year.

BACKGROUND

During September of 1974 Sandia Laboratories joined with El Paso
Natural Gas on our first fracture mapping experiment in their Pinedale,
Wyoming lease. Sandia using their in-house instrumentation and data
collection capabilities applied these to a new measurement area.

Both the surface seismic recording system and the first electrical
potential system were deployed for this experiment. These initial
experiments were followed by a more sophisticated seismic and
electrical system the following year. These results have been
reported in reference?. These initial experiments resulted in
Sandia funding from ERDA for the program entitled "Natural Gas
Massive Hydraulic Fracture Research and Advanced Technology Project.”
The total number of experiments conducted to date are tabulated in
Table I.

The system that was deployed for the seismic recordings was a
wideband continuous analog recording system. The intent was to
record at all frequencies where seismic signals could possibly be
received in the anticipation that the hypocenter location of these
signals could be determined and that they would be fracture related.
The wide bandwidth of the system required a tremendous data handling
capability and software effort to support the data analysis. These
tasks have been completed and have shown conclusively that fracture

related signals will not propagate to the surface from hydrofracs
at 8000 feet.

The electrical system evolved through several experiments to the
present day system. The initial experimens where feasibility was
established required considerable time to take one set of data from
24 radial locations. The present system utilizes a computer and
multiplex data so that the complete electrical field can be mapped
as frequently as every 20 seconds.
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ELECTRICAL POTENTIAL SYSTEM

The electrical potential system has evolved over the past three
years into the system currently in use. A complete system descrip-
tion including block diagrams and software is given in reference3
A brief description of the system will be given here to allow a
more comprehensive annual status report. The electrical system is
comprised of three subsystems. These are: 1) the current generator,
2) the potential measurement boxes, and 3) the data collection sys-
tem.

The current generator was designed to provide up to 600 volts
and 50 amps of current for use in the surface potential measuring
technique. It has the capability to provide bipolar pulses that
are controlled in length by either the PDP-1ll computer or manually.
The current generator is completely isolated so that the energy
source only comes into contact with the earth at the two current
driving points. Fracture well or downhole current probe in the
fracture well is used as one of these points with the other being
a remote well located usually more than a mile from the fracture
well. The current generator utilizes batteries for the voltage
source which are automatically recharged between current pulses.

The potential measurement system is a series of boxes which
have inputs from two voltage probes. These voltage probes feed an
isolation amplifier which performs the necessary isolation between
the power supply lines, data collection lines and the potential
probes. The output of the isolation amplifiers modulates a voltage
controlled oscillator which in turn is multiplexed to collect 24
sets of data simultaneously.

The data control and collection subsystem utilizes a PDP-11l
computer for collecting the data and controlling the current
generator. Data is collected by demultiplexing the outpus from
the potential measuring boxes digitizing, averaging and storing
these on permanent data files for later analysis. Hard copy outputs
are available for quick look analysis of test results.

EXPERIMENTAL RESULTS

Tulsa Mini-Frac

During November 1976 a shallow fracture was designed and con-
ducted by AMOCO at a location approximately five miles NE of Tulsa.
The purpose of this experiment was to allow verification of both the
Sandia surface electrical potential technique as well as the USGS
tiltmeter models. The plan called for creating a very shallow
vertical fracture that could later be verified by drilling from
the surface. The fracture depth was from 40 to 80 feet and a
predicted fracture length of 600 feet. A surface potential array
was installed and collected data during the 5000 gallon fracture.
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Electrical results indicated a fracture orientation of E-W with the
main fracture length in the easterly direction. This orientation
was later verified when AMOCO drilled into the formation and inter-
cepted the fracture in the easterly direction but did not intercept
it to the west. The orientation was also verified by AMOCO's down-
hole TV camera as well as the USGS tiltmeter data. The significance
of this experiment is that it did in fact show that the surface
electrical potential technique could not only detect fracture
orientation but also provide insight into the asymmetry of the
fracture.

Natural Buttes #14

During April 1977 an MHF experiment was conducted as part of a
joint industry/ERDA funded program. GPE conducted an MHF experiment
on their well NB #14 located south of Vernal, Utah. This was an old
well that was being re-fractured. Fracture design called for eight
stages of pad and proppant separated by balling off after each stage.
In this manner hopefully 15 zones were to be treated. The surface
electrical potential data was collected on one minute intervals
during the entire fracture operation. Surface potential data
showed a significantly different fracture growth than had been
expected because of the balling operations. During the first stage
apparently three separate fractures were initiated and terminated.
One additional fracture was created during the fourth stage.
Evidently the remaining time of pumping resulted in these fractures
being inflated and receiving the proppant. There was no apparent
correlation between fracture growth, fracture termination, and the
ball seating on the perforations. Fracture termination is probably
associated with formation properties rather than surface conditions.
Fracture orientation was also established and fracture growth
direction during each of the four stages was seen. By the end of
the frac job, the fracture was approximately symmetric and was
oriented from NNW to SSE.

This type of data and its interpretations has shed a new light
on the usefulness of the surface electrical potential technique.
This system can apparently be used not only for determining fracture
orientation but will also be useful as an aid in interpreting frac-
ture growth.

Conoco

In March 1977 an experiment was conducted with Conoco in their
Big Muddy field, east of Casper, Wyoming. Conoco was planning an
enhanced o0il recovery project in this field and required knowledge
concerning the fracture orientation. Conoco had installed six down-
hole pressure gages in wells surrounding the fracture well as an
independent means of determining fracture orientation. Sandia
installed their surface electrical potential data system as a method
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of independently determining fracture orientation. The fracture was
at an intermediate depth and was to be significantly smaller than
previous experiments. The well was completed open hole and Conoco
furnished a downhole current probe. The downhole current probe
probably enhanced the data for this small frac to the point to
where it could be interpreted. A Sandia data interpretation was

a one-sided asymmetrical fracture that was oriented almost due east.
This was later verified by Conoco in their interpretation of their
pressure data. Another interesting observation concerning this
experiment was that the electrical fracture length was created during
the first few minutes of pumping and the balance of the time the
fracture length did not significantly grow. This phenomena of

quick fracture growth could be explained by leak off of the fracture
fluid into the formation during continued pumping. This growth and
stop phenomena was also seen on the previous NB #14 experiment.

Natural Buttes #20

In June 1977 a second experiment was conducted with GPE near
Vernal, Utah. This experiment was on their well NB #20 at a
greater depth than the previous experiment. This fracture design
called for eight zones to be treated using the limited entry techni-
que. The surface electrical potential system was installed slightly
different for this experiment. The inner radials were located at
1800 feet as before but the outer radial spacing was changed. The
model shows that an increased outer radial spacing will enhance the
data and because of the deeper fracture it was desired to move the
outer radials out as far as possible. This was done by selecting
a voltage common well that was located five miles away and using
this well as the outer radial for each set of probes. By doing
this the outer probe was effectively moved to infinity. The data
was collected every minute during the approximately three hours
long pumping period. The results indicate that no appreciable
fracture length was created at any time during the entire pumping.
The potential changes that were seen at the surface were consider-
ably less than those seen on the previous experiment. . The only
conclusion that we can draw is that the fracture propagated
vertically to a much greater extent than had been designed and
the horizontal length was much smaller than designed.

SEISMIC SYSTEMS STATUS

Surface Recordings

Seismic data collected with a surface array of seismometers
symmetrically located around the AMOCO well during the January 1976
‘massive hydraulic fracture have been extensively analyzed. The
main analysis tool consisted of a computerized procedure for time
of arrival locating of seismic hypocenters which was presented in
a paper for the October 1976 Computer Use By Engineers Symposium in
Albuquerque, New Mexico.
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Basically the procedure involves computing and displaying
hypocenters via a four dimensional nonlinear optimization utilizing
time of arrival information obtained from the cross-correlation of
received signals.

Hypocenter location plots were made for the entire ten hour
period of the pumping operation. The data were examined in several
pass bands and both positive and absolute values of correlation
peaks were utilized in order to find shear signals which might be
of opposite polarity across the plane of the fracture.

The result of the analysis was that no clustering of hypo-
centers could be found which might be related to the fracture.
Taken over the entire period of the operation the plots were
random and symmetrical to the well. The one bright spot in the
result occurred after pumping ceased. The plan view plot showed
a definite alignment of hypocenters in the N-S direction. Later
it was discovered that this location overlaid a pipe line which
we now assume was pumping during the fracturing. While this result
confirmed the ability of the procedure to plot sources for a linear
and relatively continuous process it remained that the fracture
was not located.

The conclusion draw is that no signals sufficiently above the
background noise to plot the fracture were generated by the January
1976 Wattenberg massive hydraulic fracture operation.

Downhole Seismic System

A wall clamped, three-axis downhole seismic system has been
designed and fabricated by Sandia Laboratories for use in the
natural gas programs. The purpose of this system is to determine
close in to fracture wellbores the orientation and vertical extent
of hydraulic fractures. The system is similar to the one developed
by Los Alamos Scientific Laboratory for their geothermal project.
If seismic signals can be created during the breakdown phase of
fracturing operations by controlling pressures, rates and shut ins
then these signals can be used to map the fracture plan. The
signals must contain both a P-wave and S-wave arrival so that the
distance to the seismic event can be determined. The azimuth is
then determined by the vector orientation of the arrival of the
P-wave. The electronic system has been designed to allow operation
on a single conductor logging cable. Power is sent down the cable
and the three-axis geophone signals are FM multiplexed and trans-
mitted up the cable. Control circuitry is also provided for clamping
and unclamping the mechanism. Preliminary testing has been com-
pleted with this unit in a shallow borehole at Albuguerque. Future
test plans include fracture experiments at two Sandia sites prior
to the use of the system in a commercial well.
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CONCLUSIONS

The surface electrical potential system has had the design
finalized and is now ready for an applications phase where data
from several experiments can be collected and analyzed. To date
the system has proven to be much more valuable than its original
intent. Not only is fracture orienation being detected but also
fracture asymmetry, fracture growth rates and fracture growth
periods have also been detected. The system has been operated
at a wide range of depths, formation and fracture volume treatments.
During the ensuing year plans are being formulated to test this
system in several new environments. In conjunction with the
electrical system the seismic system will be deployed during the
following year. Hopefully the information obtained from the
seismic system will help verify the results obtained from the
electrical system and add new insight into the fracturing height
parameters.
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Table I. Fracture Experiments

Systems
Operating Company Date Deployed Location
EPNG 9-74 S&E* Pinedale, Wyoming
EPNG 7~75 S&E Pinedale, Wyoming
EPNG 10-75 S&E Pinedale, Wyoming
AMOCO 11~75 E Wattenberg, Colorado
AMOCO 12-75 E Wattenberg, Colorado
AMOCO 1-76 S&E Wattenberg, Colorado
Columbia Gas 8-76 E Lincoln County, W. VA.
AMOCO 11-76 E Tulsa, Oklahoma
GPE 3-77 E Vernal, Utah
CONOCO 3-77 E Casper, Wyoming
GPE 4-77 E Vernal, Utah

*
S - Surface Seismic System
E - Electrical Potential System
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DETERMINATION OF SPATIAL GEOMETRY OF HYDRAULIC FRACTURES
USING SURFACE TILT MEASUREMENTS: A PROGRESS REPORT

by
M. D. Wood

U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

ABSTRACT

Hydraulic fracture experiments have been monitored with a surface tiltmeter array to deter-
mine the spatial geometry of a fracture. These experiments range over orders of magnitude
in depth, design length, pumping time, and volumes of injected material. The gross character
of signals recorded within the tilt array is adequately explained by a simple model of an
infinitely long inflated fracture in an isotropic half space. Though the theoretical amplitude
of the tilt signal is inversely related to the square of the depth, tilt signals have been better
defined for the deepest experiments in sandstone than for shallower ones in shale. Definition
therefore appears to be less related to depth or size of treatment than to rock type and local
structure. When a comparison with other geophysical measurements such as resistivity could
be made, the recorded signals were similar in quality for those occasions when well-defined
tilt signals were received or when extremely unusual records were obtained. Because the
noise sources for deformation and resistivity measurements have little in common, it is
assumed that failure to record a signal at all sites is related to failure to generate the designed
fracture. Follow up data from the well have supported this assumption. More recent detailed
analysis of tilt derivatives and crosscorrelation of tilt with other data such as pressure and
flow-rate records of the hydrofracture treatment are improving our understanding of the
growth rate of the fracture and temporal variation of width. Improvements in instrumenta-
tion and simplification of data analysis may ultimately prove useful for fracture mapping
research.

Note: Copies of this report are available from the author.
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OVERVIEW OF PROGRESS OF THE EASTERN GAS SHALES PROJECT

by
William K. Overbey, Jr.

Energy Research and Development Administration
Morgantown Energy Research Center, P.O. Box 880
Morgantown, West Virginia 26505

ABSTRACT

The Eastern Gas Shales Project was formally initiated in 1976 by the Energy Research and
Development Administration (ERDA) as its Morgantown Energy Research Center. The ulti-
mate objective of the Project is to increase the production of natural gas from the Eastern
Shale Basins through advanced exploration and extraction techniques. The EGSP expects to
achieve many goals and the more significant ones are: To add 3.5 to 7.0 trillion cubic feet
of gas to reserves in the Appalachian Basin; to increase average total gas reserves added per
well drilled from 300 to 600 million cubic feet; and to increase open-flow production rate
of new shale wells from 100,000 to 300,000 cubic feet or more of gas per day. The present
status and a summary of important results are presented.

Note: Copies of this report are available from the author.
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U.S. GEOLOGICAL SURVEY'S EASTERN DEVONIAN SHALE PROGRAM
by
Wallace de Witt, Jr.

U.S. Geological Survey
Mail Stop - 955, National Center Building
Reston, Virginia 22092

ABSTRACT

As a part of ERDA-MERC’s Eastern Gas Shales Project, the U.S.G.S. is making an eight-
element Shale Characterization and Resource Appraisal of the Devonian black shales of the
Appalachian basin. It includes regional stratigraphy, structural analysis, geochemistry of
source and reservoir rocks, clay mineralogy, conodont paleontology and thermal maturation
indicies, borehold gravimetry, trace element analyses, and a hydrocarbon resource appraisal.
Also, the U.S.G.S. has established a data system to store and manipulate information gener-
ated by cooperators in the EGS Project.

Prepared for ERDA under Contract No. EX-76-C-01-2287

Note: Copies of this report are available from the author.
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INTERNAL SURFACE AREA AND POROSITY IN EASTERN
GAS SHALES FROM THE SORPTION OF NITROGEN,
CARBON DIOXIDE, AND METHANE -~ A STATUS REPORT

by

Josephus Thomas, Jr. and Robert R. Frost
Illinois State Geological Survey
Natural Resources Building
Urbana, Illinois 61801

ABSTRACT

The adsorption of N, at -196°C and of CO, at -77°C on Eastern gas shales
reveals significant differences in their micropore structures. Owing to
differences in the activated diffusion of the two gases at their respective
adsorption temperatures, as studies on molecu}ar sieves and coals have shown,
COz is able to penetrate pores less than 4-5 A in diameter, whereas N, is
unable to do so. One measure of this difference is in the internal surface
area (ISA) estimated from the BET method. For example, shale samples from a
Kentucky core, with CO, as the adsorbate, have ISA values ranging from 10 to
39 m®/g, whereas the ISA values from N, adsorption on the same samples range
from 0.8 to 8.7 m®/g. The diffusion rate of a gas initially contained
within such an ultramicroporous network will be greatly decreased in compar-
ison with the diffusion rate from shales containing larger pores.

High-pressure (up to 80 atmospheres) methane adsorption isotherms near
room temperature are shown for selected shale samples. These isotherms pro-
vide supplemental information with regard to total porosity and the gas-
holding capactiy of shales at depth of burial.

INTRODUCTION

The Illinois State Geological Survey, in conjunction with the Energy
Research and Development Administration, is extensively involved in both
geologic and geochemical studies of the Eastern gas-bearing Devonian shales.

In the geologic studies, the lithology, stratigraphy, and structure of
the New Albany Shale Group in Illinois are being analyzed to determine those
characteristics of lithology, thickness, regional distribution, vertical and
lateral variability, and deformations most relevant to the occurrence of
hydrocarbons. Mineralogic and petrographic properties are being character-
ized in detail. Additionally, index properties, directional properties, and
strength parameters on oriented core samples are being studied.

Geochemically, not less than 49 major, minor, and trace elements are to
be determined on 900 shale samples. The data generated will be used to

Prepared for the Energy Research and Development Administration, under
Contract No. E-(40-1)-5203.
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evaluate (1) the potential economic importance of trace element concentrations
in organic-rich shales, (2) new geochemical exploration techniques for natural
gas, (3) trace element enrichment in shale organic matter, (4) the occurrence
of heavy metal sulfides in shale, (5) potential catalytic effects of trace
elements on shale pyrolysis yields, and (6) potential disposal problems.

Chemical and physical methods are to be developed for separating organic
and inorganic phases of shales, and the trace elements associated with the
various phases are to be determined. The relative distribution of hydro-
carbons in selected samples will be determined.

In order to reveal the nature of the pore structure in these shales,
sorption studies at low temperatures are to be made with nitrogen and carbon
dioxide as adsorbates. Methane adsorption isotherms also are to be studied
at elevated pressures (up to 80 atmospheres). The present paper is a status
report of the sorption studies.

One of the most difficult problems faced in the physical characteriza-
tion of materials is determining the nature and extent of porosity. Poly-
crystalline aggregates--which are the rule rather than the exception in
nature--have much more porosity than is generally recognized. Pore structure
can be of several types. For example, a substance such as limestone contains
random-sized closed pores. Montmorillonite contains pores of a special
shape--those that exist between the laminae of platelet crystal packets.

Some substances, such as zeolites, coals, and the black gas-bearing shales
under discussion in this report, contain a partially interconnecting open-
pore structure, with the gsmallest pore channels having diameters of molecular
dimensions (less than 10 A). These ultramicropores are of special signifi-
cance in that they are large enough to contain appreciable quantities of
certain gases of small molecular dimensions, such as methane and other hydro-
carbons having little side branching, yet they are so small that they
markedly influence the diffusion rates of the contained gases.

The only experimental approach that provides useful information with
regard to the porosity associated with these ultramicropores is the use of
gas adsorption (sorption) methods. Low-angle X-ray scattering and helium
displacement measure the total porosity only. Mercury intrusion is limited
to pores having diameters of about 30 A and larger.

Studies by Breck et al.l and Lamond2 on molecular sieves, and by Walker
and Geller3 and Anderson et al.~’ on coals have established that carbon
dioxide as an adsorbgte at -77°C is able to penetrate pores having diameters
less than about 4-5 A, whereas nitrogen, the adsorbate normally used at
-196°C in the classic BET methode, fails to do so. Thus, CO, at -77°C
becomes a valuable molecular probe, supplementing N, adsorption data, for
estimating that amount of internal surface area or porosity associated with
pores less than 4-5 A in diameter.

The use of CO., as an adsorbgte for this purpose has been reviewed
recently by Thomas and Damberger’'. Even though the various theories upon
which gas adsorption methods are based are inadequate when applied to pores
of molecular dimensions, the relative adsorption values obtained are repro-
ducible and useful for correlative purposes.
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The use of methane as an adsorbate near room temperature and at
increased pressures yields isotherms from which the gas-holding capacity
of a given shale sample can be estimated at its initial depth of burial.

EXPERIMENTAL PROCEDURES

Data for internal surface area (ISA) measurements with N, and CO. as
adsorbates at -196°C and -77°C, respectively, were obtained by a dynamic-
sortion method. This method is commonly called the gas chromatographic
method, as the principles involved in the measurements are similar to those
used in gas chromatography. Apparatus 1s basically that first described by
Nelsen and Eggertsen® and later refined by Daeschner and Stross?.

For the high-pressure (1 to 80 atmospheres) methane adsorption isotherms,
apparatus similar to that described by Dubinin et al.10 was constructed with
slight modifications for improved readout of pressure.

Shale samples were crushed and screened. The 40~ x 120-mesh {about 425
to 125 um) sieve fractions were used for the internal surface area measure-
ments with N, and CO, as adsorbates. The 6~ x 12-mesh (about 3.4 to 1.7 mm)
sieve fractions were used for the high-pressure methane adsorption isotherms.

For the ISA determinations, shale samples of 0.5 to 1.0 g are outgassed
at 110°C in a stream of helium for 3 hr. Three-point BET plots are used
with N, as the adsorbate at -196°C. An equilibrium time of 10 min was
suitable for each point. For CO, as the adsorbate, however, an equilibrium
time of 16 hr is necessary, owing to the slow activated diffusion. A single-
point BET plot passing through the origin is used as a measure of the ISA.

For the high-pressure methane adsorption isotherms, approximately 5.5 g
of sample are weighed into a high-pressure cell, and outgassing is conducted
under vacuum until a pressure of less than 10" %mm is attained. The dead
space is determined with helium. Known increments of methane are transferred
to the cell, and pressure differences are determined at constant tempera-
ture as a measure of the uptake of methane by the sample.

At the present time samples from only two cores have been studied. The
more recent core is designated Orbit Gas #1 Clark Well from Christian County,
Kentucky (near Crofton). The older core (1939) is designated Miller #1
sample from Sangamon County, Illinois (near Mechanicsburg).

RESULTS AND DISCUSSION

A surface area value for a shale sample, either from CO, or N, adsorption
data, will depend to some extent upon the composition of the sample (clay
minerals ratio; presence of silica, carbonates, etc.) and the crystallite
sizes of the components. Accordingly, too much significance should not be
attached at this time to the ISA values shown within either the third or
fourth columns of Tables 1 and 2. The most revealing values are the ISA
ratios shown in the last column of each table.

When thisoratio is large, the sample contains a large proportion of pores
less than 4-5 A in diameter. CO, penetrates these pores at -77°C whereas N,
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at -196°C does not. When the ratio is large, the sample has a more compact
structure with regard to porosity. Such a sample, if it contains gas, will
release that gas with great difficulty. That is, the diffusion rate will
be low.

On the other hand, if the ratio is small, it is readily ascertained from
the data that N, at the temperature of liquid nitrogen (-196°C) reaches most
of the ISA that is reacheg by CO, at -77°C. Very little porosity is associated
with pores less than 4-5 A in diameter. Thus, with a mean pore diameter some-
what larger in such samples, the diffusion rate of methane will be increased.

For the most part, the ISA ratios for the shale samples from the Kentucky
core (Table 1) are appreciably larger than those from the Illinois core (Table
2). Samples from the Kentucky core are darker than those from Illinois,
indicating that there is more organic matter in the former core. The increased
organic matter no doubt contributes to the high CO, ISA values relative to the
N2 ISA values in the Kentucky samples as the organic matter helps to fill the
pore space, thereby decreasing the diameters of pore entrances and channels.
The darker samples (16L1 and 17L1) from the Illinois core also give the great-
est ISA ratios among the samples from this particular core.

Evidence of this partial pore filling by organic material is provided by
outgassing experiments at elevated temperatures. Two additional samples of
01Cl from the Kentucky core, for example, were outgassed under helium at
230°C and 340°C, respectively. The data are summarized in Table 3. .

It is seen that although the surface area from CO; adsorption does not
change markedly, the surface area from N, adsorption increases about four-
fold after an outgassing temperature of 340°C. The weight loss also increases
sharply. This indicates that organic material which is held tenaciously in
the pores at 110°C, and even at 230°C, migrates from the pores at the highest
temperature, making more of the internal surface available for N, adsorption.

As was mentioned earlier, the ISA measurements with CO; and N as
adsorbates are relative measurements which provide some idea of the "tightness”
of the shale structure that governs the rate of release of the gas contained
within the smallest pores. These measurements do not provide information,
however, on the possible gas holding capactiy of a given shale at its depth
of burial. The gas-holding capacity of the shale will be governed by
relatively large pores, if present in the shale, which do not contribute
significantly to the ISA values. The high-pressure methane adsorption iso-
therms provide valuable supplemental information.

Three samples were selected from the Kentucky core for evaluation.
These samples, based on high, low, and intermediate ISA ratios, were 01Cl,
06Cl, and 03Cl. Plots of the high-pressure methane adsorption data for the
three samples are shown in Fig. 1.

The sample (06Cl) giving the lowest (1.67) ISA ratio is capable of
holding much more methane at depth than is the sample (01Cl) giving the
greatest (26.2) ISA ratio. The mean pore size in the former sample is
larger. This is clear from a comparison of the nitrogen ISA values (8.7 mz/g
for sample 06Cl, and 1.5 m?/g for sample 01Cl). The gas-holding capacity
of sample 03Cl is the poorest of the three samples. It also has the lowest
(1.26 mz/g) nitrogen ISA value.
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One cubic centimeter of gas adsorbed (at STP) per gram of shale is
equivalent to 32.1 ft® of gas per ton of shale. If one uses the "rule of
thumb” that every foot of depth of burial in sediments increases the pressure
1 psill, then the pressure at 2200 ft is 2200 psi (V150 atmospheres).
Extrapolation of the data in Fig. 1 to 150 atmospheres indicates that the
gas-holding capacity of sample 06Cl is approximately 6 cm3/g, or close to
200 ft¥/ton shale, whereas the gas-holding capacity of sample 01Cl is about
one-third as great.

Sufficient data have not yet been generated to permit additional inter-
pretation.
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TABLE 1 - INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES
FROM CHRISTIAN COUNTY, KENTUCKY (CORE OlKY)

Feet Depth
Sample to Top 1sA, m?/g ISA, m?/g 1sa,
No. of Sample CO; N2 CO2 /Ny
0lCl 2182.25 39.3 1.50 26.2
02C1 2191.15 27.0 1.33 20.4
03C1 2220.30 20.4 1.26 16.2
04C1 2230.20 13.8 5.00 2.8
05C1 2240.10 13.8 1.04 13.2
06C1 2250.00 14.5 8.71 1.67
07C1 2260.30 31.3 1.52 20.6
08cCl 2270.30 11.8 1.43 8.5
09C1l 2280.00 11.1 1.05 10.06
10C1 2290.75 14.7 1.08 13.6
11C1 2299.75 12.7 0.92 13.8
12C1 2310.50 10.0 1.04 9.6
13C1 2318.80 14.3 0.82 17.4
TABLE 2 - INTERNAL SURFACE AREA VALUES FOR SHALE SAMPLES

FROM SANGAMON COUNTY,

ILLINOIS (CORE 0OlIL)

Feet Depth

Sample to Top I3Aa, mz/g ISA, mz/g ISA,

No. of Sample CO, N2 C0O, /N>
01L2 1576 27.3 27.4 1.0
03L1 1589.4 12.7 12.1 V1.0
04L1 1602.0 11.8 11.8 V1.0
05L1 1615.1 16.6 17.8 0.93
07L1 1631.6 10.1 8.4 1.2
0911 1647.4 22.8 23.5 V1.0
09L2 1656.2 23.3 23.4 V1.0
10L1 1657.6 16.4 12.6 1.3
1111 1667.5 30.2 20.3 1.5
1211 1678.6 30.8 25.7 1.2
1311 1688.0 31.2 25.7 1.2
1411 1698.2 31.5 19.0 1.7
1511 1710.0 34.4 11.8 2.9
l6Lnl 1723.4 34.0 8.3 4.1
1711 1730.6 25.9 5.5 4.7
18L1 1740.2 20.5 6.0 3.4
1911 1753.5 25.1 6.2 4.1
20L1 1763.3 19.3 11.5 1.7
21L1 1776.2 22.6 11.5 2.0

TABLE 3 - INTERNAL SURFACE AREA VALUES AFTER
DIFFERENT OUTGASSING TEMPERATURES

Sample 01C1

Outgassed 3 hours Isa, mz/g isa, mz/g 1sa, Weight
(°c) coy N2 CO, /Ny Loss, %
110 39.3 1.50 26.2 V1.0
230 44 .3 1.57 28.2 2.0
340 35.8 6.46 5.5 6.0
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CHARACTERIZATION AND ANALYSIS OF DEVONIAN SHALES
AS RELATED TO RELEASE OF GASEOUS HYDROCARBONS

by

M. Jack Snyder, R. S. Kalyoncu, R. W. Coutant, M. P.
Rausch, J. S. Ogden, and D. T. Hooie

Battelle Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

ABSTRACT

As part of the Resource Inventory and Shale Characterization
subprojects of ERDA's Eastern Gas Shales Project, Battelle's Columbus
Laboratories is conducting a program to determine the relationships between
shale characteristics, hydrocarbon gas content, and well location. TUltimately
about 1000 core samples of gas bearing Devonian shales will be selected and
sealed in special containers to preserve their approximate "down-hole"
condition, and the gas-release characteristics and various chemical, physical,
and lithologic characteristics will be determined.

Partial data have now been collected on about 150 samples from 8
different wells in both the Appalachian and Illinois basins. Initial findings
and possible implications of them are discussed.

INTRODUCTION

This program was initiated in July 1976 as a part of ERDA's Eastern
Gas Shales Project (EGSP). The objective of the program is to determine the
relationships between shale characteristics, hydrocarbon gas content, and
well location to provide a sound basis for defining the productive capacity
of the Eastern Devonian shale deposits and for guiding research, development,
and demonstration projects to enhance the recovery of natural gas from the
shale deposits. The program includes a number of elemental tasks as a
part of the Resource Inventory and Shale Characterization subprojects and is
designed to provide large quantities of support data for the EGSP.

Prepared for ERDA under Contract No. E(40-1)-5205
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Approximately 1000 core samples of gas bearing Eastern Devonian
shale will be examined in the program. After the characterization data
for individual wells have been compiled, a regression-type analysis for
pattern recognition will be performed to establish the interrelationship
between the shale characteristics, the hydrocarbon gas content, and well
locations from which the samples were obtained.

The work involves six tasks: core sampling, gas content and gas
release kinetics, chemical characterization of the shale, physical
characterization of shale, lithology of shale, and data interpretation and
correlation.

The project was initiated in July 1976 and active laboratory work
was started in September 1976. Approximately 350 core samples have now been
selected and encapsulated from 9 wells, 5 in the Appalachian Basin and 4 in
the Illinois Basin. The well locations are given in Table 1. Partial data
are now available on 150 samples from 8 of the wells and some patterns and
relationships are becoming apparent. In this progress report, emphasis will
be on the relationships among the initial gas release data, well location,
and some of the observed characteristics of the shale.

Core Sampling and Encapsulation

Core sampling for the EGSP is done by a team, under the supervision
of the West Virginia Geological Survey, including in addition to the
supervising geologist, representatives from the appropriate State Geological
Survey, from the producing company, and from Battelle's Columbus Laboratories.
After the core has been retrieved, reassembled, oriented, marked, and described,
samples are taken by the Battelle representative for use in experiments and
characterizations being conducted at Battelle, Mound Laboratories, and Juniata
College. The standard sampling sequence involves the collection of core samples
at 10-foot intervals for Battelle, at 30-foot intervals for Mound Laboratories,
and at 50-foot intervals for Juniata College.

The selected samples are placed in fruit juice cans and lids are applied
and sealed with a canning machine for subsequent transport to the various
laboratories.

Analytical Procedures for Initial
Gas Release

The canned core samples are logged in and normally are stored for a
minimum period of 3 weeks after canning to allow them to come to equilibrium.
Some of the sealed cans bulge and distort during this equilibrium period. Many
of the core sections from the recent well in Wise County, Virginia exhibited
considerable outgassing during the initial examination prior to canning and
many of the cans bulged noticeably within a few hours after sealing. Because
of the rapid and excessive bulging, the cans were checked for possible leaks
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approximately two weeks after canning. Leaks were detected in 16 out of 72
samples checked. Gas analyses were made on these and other bulged, but not
leaking, cans as quickly thereafter as possible. Subsequent checks on
sealed cans from earlier wells that had not yet been analyzed revealed that
some of them also were leaking and, as will be discussed later, the gas
composition data suggest that some of the other cans probably had leaked
before the analyses were made. Sturdier sample cans are being secured for
future wells and procedures are being planned for monitoring the release of
gas from the time the sample is canned.

The canned samples after the standard equilibrium period are tapped
using the can sampling device shown in an exploded-view in Figure 1. The
can sampler is evacuated after it is clamped to the can and the metal punch
is then driven through the can top, thereby connecting the gauge and sampling
volume to the free space surrounding the shale samples within the can. Two
gauges are used for pressures within the cans; an Ultec gauge for pressures
less than 1500 torr and an Ashcroft gauge for pressures up to 60 psig. The
observed can pressure is reported in torr (mm Hg). A valving system allows a
gas sample to be withdrawn from the sampler and entered into a 1 cc constant
temperature sample loop. A solenoid valve controls the injection of samples
into the chromatograph.

An Aerograph 1520B gas chromatograph is used for species identi-
fication. Thermal conductivity detection is employed. The carrier gas is
helium at 50 psig. An Altech CTR column separates the gaseous species; the
CTR is essentially a column within a column--a molecular sieve surrounds a
Porapak mix. With this column it is possible to separate 0,, N_, CO,, and
light hydrocarbons (through C6). The detector signal is fed to"a Hewlett
Packard 3380A integrator and Species are identified by their retention times.
A standard gas mixture was prepared and includes all major species found in
shale cans to date. The standard consists of (v/o):

N2 51.11 CH4 29.51
O2 3.76 C2H6 8.50
CO2 5.61 C3H8 1.52

The standard is run daily; shale gas concentrations are determined by the
external standard method. Butanes and pentanes, when present, are calculated
from their specific response factors. These have been previously determined
for this particular experimental set up. All values are reported in volume
percent.

In addition to the routine off-gas analysis performed for each
as-received shale can, random samples are selected for additional gas analysis.
An Aerograph 2800 gas chromatograph is used. TFlame ionization detection is
employed and species are separated with capillary columns. The 2800 has been
calibrated for identification of over 100 hydrocarbons and detects species in
ppb concentrations. To date, traces of: propylene, 2-methyl-pentane, 2-methyl
2-butene have been identified; however, the major species remain as reported:
C02, 02, NZ’ methane, ethane, propane, butanes and pentanes.
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After the initial gas analyses are completed, the can is opened,
the shale sample is removed, weighed, photographed and described, and
samples are taken for the various characterizations and analyses that are to
be made. The bulk volume of the shale is subsequently calculated from the
measured bulk density and the free gas space in the can is calculated by
difference from the known volume of the can. The data from the gas analyses,
from the various characterizations and chemical and lithological analyses of
the shale samples, and digitized data from well logs are keypunched onto
computer cards for subsequent calculations, statistical analyses, and compar-
isons. Table 2 is an example of a computer print-out of the initial gas
release data from one of the wells. Figures 2 and 3 are examples of computer-
generated plots of gas analysis data versus depth of the sample for that well
and for another well.

Gas Content of Shale and Initial Release of Gas

As is evident from the data in Table 2 and the plot of part of
that data in Figure 2, the gas content and the composition of the gas
released from canned shale samples from Well P-1 varies substantially and
apparently randomly with depth. A comparison of Figures 2 and 3 reveals that
there are substantial differences between wells in the gas content per unit
volume of shale. For Well C-2 (Figure 3), the unit gas content ranges mostly
between about 0.1 and 0.5 cu ft per cu ft of shale, with a general trend of
increasing gas content with increasing depth. For Well P-1 (Figure 2), on
the other hand, the unit gas content is much greater and generally falls
between 1 and 3 cu ft per cu ft of shale and there does not appear to be any
general trend with respect to depth.

The composition of the gas also varies substantially with depth and
between wells. Figure 4 is a plot of the methane content (as percentage of
the total hydrocarbon gas released) versus depth for Well P-1 and Figure 5 is
a similar plot for Well C-2. Again, for Well C-2 a general trend with depth
is evident whereas for Well P-1, there is no clear trend. For C-2, the
relative methane percentage generally decreases with depth and ranges between
about 60 and 80 percent. TFor P-1, the methane content (with the exception of

the shallowest sample), ranges between about 85 and 95 percent irrespective of
the depth.

These two wells were selected as examples illustrative of the kinds
of differences observed initially between the Appalachian and Illinois Basin
wells. Plots of relative methane content versus the total hydrocarbon content
of the released gas for these two wells are remarkably different (Figures 6 and
7). TFor the Appalachian Well (C-2, Figure 7), the methane content clearly is
an inverse function of total hydrocarbon gas. For the Illinois Well (P-1, Figure
6), the methane content is either independent of total hydrocarbon or is a direct
function of it. Gas release data from three additional Appalachian Wells and
two additional Illinois Basin Wells showed the same direct relationship between
methane and total hydrocarbon for Illinois Basin Wells and the same inverse
relationship for Appalachian Wells (except for a few isolated samples). However,

G-4/4



the gas release data from the most recent Appalachian Basin Well (C-338) fit
the Illinois Basis pattern both in gas composition (i.e., high methane content)
and amount of gas released, between 1 and 3 cu ft per cu ft of shale. The
clear distinctions seen between Appalachian Basin Wells and Illinois Basin
Wells are blurred somewhat by these new data and plots of methane content
versus total hydrocarbon that incorporate all of the available data do not show
an obvious relationship for Appalachian Basin Wells (Figure 8) although the
direct relationship still appears to hold for Illinois Basin Wells (Figure 9).

The most important conclusion to be drawn from the gas release data
so far is that each well is unique and that generalizations about relationships
observed for one well or for wells within a given area may not be valid for
other wells or other areas. A corollary is that a valid assessment of the gas
resources of the Devonian shales requires data from many wells throughout the
entire deposits.

A further complicating factor in attempting to assess the gas resources
of the Devonian shales from gas analysis data on canned samples is the fact
that some of the cans have leaked unknown amounts of hydrocarbon gas. As
indicated earlier, leaking was detected in a substantial number of canned samples
from one of the wells within two weeks after canning and checks on other cans
have shown some of them to be leaking months after canning. An examination of
the gas analysis data on other samples suggests that many of the cans may have
leaked between the time they were sealed and the time that they were tapped for
analysis. For example, the gas analysis results for one sample showed the total
hydrocarbon content in the free space to be 90.4 percent and the nitrogen content
to be 8.56 percent. If we assume that the free space contained only air at the
time of canning (i.e., the gas composition was essentially 80 percent nitrogen
and 20 percent oxygen) and the pressure at the time of sealing was close to one
atmosphere (760 torr), the pressure at the time of tapping should have been
about 7100 torr. The measured pressure was 740 torr, about an order of magnitude
low, suggesting that appreciable leakage had occurred or that the sample was
outgassing sufficiently during the time it was being canned to displace most of
the air in the free space before it was sealed. In either case, a calculation
of the gas content per unit volume of shale based on the observed pressure and
gas composition at the time of tapping, underestimates the gas content in the
shale in-situ by an unknown amount, perhaps as much as a factor of 10. Thus,
extrapolation of current gas analysis data to produce estimates of the gas
recoverable from the Devonian shales result in very shaky numbers at best. Steps
that are being taken to eliminate leakage and to monitor gas composition and gas
release from the time of canning will decrease the uncertainty in the future and
will provide more reliable information on the areal and depth variations in the
gas content of the shale.

Shale Characteristics

After the initial gas content has been determined, the shale samples
are examined and characterized in a variety of ways. Sufficient data have been
accumulated now from some of these examinations and characterizations on five
of the wells for some patterns and relationships among initial gas content and
shale characteristics to be discernible. So far there appears to be a general
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inverse relationship between initial gas content and the bulk density of the
shale. A less firm, but still general, direct relationship between initial
gas content and total carbon content is observed.

Surprisingly, there seems to be no simple relationship between bulk
density and porosity. Although one would expect that low bulk density
would be accompanied by high porosity (thus, accounting for higher initial
gas content), this is not always the case. Likewise, one would expect high
open porosity to be accompanied by high surface area, whereas the reverse
seems to be more common. Thus, in spite of the good correlation between
bulk density and initial gas content, there appears to be no correlation
between initial gas content and porosity or surface area.

It should be pointed out that the observed relationships (or lack
of them) between gas content and shale characteristics are based on a
relatively small number of samples from the first five wells sampled and may
be peculiar to these wells. As additional data are gathered some of the
puzzling aspects may be clarified.

Future Work

The coring and sampling of additional wells throughout the Eastern
Devonian shales is continuing and data are now being gathered at a rate of
about 25 samples per month. As more experience is gained and additional data
are accumulated, the level of uncertainty will decrease and more reliable and,
hopefully, more meaningful conclusions about the gas content and the relation-
ships among gas release characteristics, shale characteristics, and well
location will emerge.

TABLE 1. IDENTIFICATION OF CORED WELLS AND SAMPLES SELECTED

Well Code Date Core Depth Interval, Number of
Number Location of Well Well Operator Sampled Feet Samples
c-1 Lincoln County, WV Columbia Gas Jan. 1976 2746 - 4045 82
c-2 Lincoln County, WV Columbia Gas Jan, 1976 2655 - 3971 17
R-109 Washington County, OH River Gas Jul. 30, 1976 3494 - 3705 25
P-1 Sullivan County, IN Energy Resources of Sept. I, 1976 2495 - 2595 ll(a)

Indiana, Inc.

0~1 Christian County, KY Orbit Gas Sept. 18, 1976 2183 - 2319 13(b)
c-336 Martin County, KY Columbia Gas Nov. 6, 1976 2434 - 3405 117
T-1 Effingham County, IL Tri-Star Feb, 13-18, 1977 3006 - 3106 15<d)

(a) An additional 6 samples were selected and encapsulated for other ERDA contractors.
(b) An additional 4 samples were selected and encapsulated for other ERDA contractors.
(c¢) An additional 90 samples were selected and encapsulated for other ERDA contractors.

(d) An additional 16 samples were selected and encapsulated for other ERDA contractors.
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CHARACTERIZATION OF THE DEVONIAN SHALES
IN THE APPALACHIAN AND ILLINOIS BASINS

by

Ronald E. Zielinski
Monsanto Research Corporation

Mound Laboratory¥*
Miamisburg, Ohio 45342

ABSTRACT

The characterization of the nature of the Devonian Shales in
the Appalachian Basin is being addressed by several geochemical and
geophysical methods.

The outgassing characteristics of the shale are being investi-
gated using gas chromatography and mass spectrometry. An extensive
geochemical characterization of the samples is also being performed.

Mechanical testing and mass spectrometry have been integrated
to provide some insight into the mechanical properties of the shale
and gas released from the shale as a function of newly exposed sur-
face area. Mechanical tests are also being performed in an attempt
to determine the effects of moisture on the mechanical properties
of the shale.

Dilatometry is being used to study the swelling characteristics
of the shale samples as a function of exposure to water and other
fracturing fluids.

Several other methods of investigation also are serving to
characterize the Devonian Shales and their fuel resources.

*Mound Laboratory is operated for the U. S. Energy Research and
Development Administration by Monsanto Research Corporation
(Contract No. EY-76-C-04-0053).
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INTRODUCTION

The gas resources of the Devonian Shale of the Eastern United
States must be considered a viable energy resource. A conservative
working estimate indicates that there are approximately 2400 tcf
of gas in just the Appalachian Basin. If only ten percent of that
gas is recovered, enough gas should be available to satisfy our
national needs for approximately ten years.

The Eastern Gas Shale Project has as its long-range objectives
an orderly accumulation of a data bank for accurately assessing
and characterizing the resource and provision for an economical
and efficient production of gas. Mound Laboratory is assisting in
the determination of the resource inventory and is cooperating in
the studies designed to determine the geological, geophysical, and
geochemical properties of the shale.

PROGRAM OVERVIEW

The initial objective of our investigation is to analyze
various core samples using standard geochemical techniques and
newer methods of analysis. This investigation should aid in
arriving at an accurate resource assessment. The results of the
investigation should define the relationships between the structure,
the chemistry, the fuel content, and the mechanical behavior of the
shales from various regions in the Appalachian, Illinois, and
Michigan basins. The study will also supply a sufficient amount of
data to a statistical base that will serve not only to key resource
assessment to secondary indicators but will also provide a valid
base for evaluating the efficiency and accuracy of the new methods
of analysis.

Other segments of the program will address the permeation of
the gas through the reservoir rock, and the effects of fracturing
fluids on the mechanical and permeation properties of the shale.

Radionuclides present in the shale will also be assessed.
HYDROCARBON EVALUATION

To fully characterize the Devonian Shale deposits and to
improve the ability to recover the hydrocarbons from the deposits,
several important parameters must be identified. These include
the relative hydrocarbon abundances, the total amount of organic
matter present, the predominant type, and the time-temperature
(maturity) history experienced by the organic matter.
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Currently, samples of the shale core are collected at the
well site. These samples are analyzed in the laboratory for
methane content, wet gas (C,-C,) concentration, .gasoline-range
hydrocarbons (C,-C,), kerosene-range hydrocarbons (Cg-,;,), and
the C, s+ hydrocarbons. In addition to these analyses, organic
carbon determinations, visual kerogen isolations, and vitrinite
reflectance determinations are also made. These data are then
integrated to describe the richness, type, and thermal maturity
of the source rock. The richness of the source rock is the total
organic carbon content of the rock. This would include the in-
soluble organic material (kerogen) and the soluble (bitumen) matter.
The type of organic source can be expressed as wet gas (high
c,-C,) concentrations, oil, gas, or condensate precursor. The
thermal maturity reflects the temperature history to which the
organic matter has been subjected and indicates the nature of the

hydrocarbons which will be available in reservoir traps in an
area.

The C,-C, hydrocarbons are determined in a two-step process.
Initially, the sealed can is gas tapped, and the amount of gas
which has evolved from the shale sample is determined. The sample
is then macerated under water and the gas released during the
process is determined. This process provides three data points:
headspace gas, gas in rock, and total gas. The total gas value
represents a minimum value, since some of the gas is evolved from
the core during the time interval between removal from the core

barrel and sample canning. This period averages between one and
two hours.

Thermal chromatography is also being used to determine total
hydrocarbon yield from the samples. The hydrocarbons evolved by
thermal chromatography are identified by high resolution gas
chromatography.

A modified material balance assay is also being performed on
the samples to provide not only information on the oil yield but
also the non-condensable gases released during the pyrolysis
process. The modified assay provides information on the volumes
of 0il, non-condensable gases, and the water released during the
pyrolysis process. Detailed analyses are being performed on the
0il product and the gases.

Pulsed NMR techniques are also being applied to the Devonian
Shales. These techniques are presently being evaluated as a rapid
and accurate means of assaying oil from the western oil shales,
the companion being that the FID amplitude is related to the hydro-
gen content of the oil shale, and the hydrogen content is indicative

of the o0il assayed from the shale by conventional Fischer Assay
techniques.
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We are attempting to evaluate methods of identifying the
entire fuel (gas and o0il) yield of the Devonian Shales. The
total hydrogen and carbon content of the shale samples is being
statistically correlated with the actual fuel (gas and oil) yield
obtained from the material balance assay and total gas evaluations
of the shale. These correlations will provide statistical regres-
sion lines from which potential fuel(gas and oil) yields can be
estimated from future routine pulsed NMR evaluations.

Proton relaxation time studies are being conducted to
establish the distribution of the various chemical species and
their physical state in representatiive samples. Detailed evalua-
tion of the relaxation times is being used to separate possible
contributions of inorganic protons (i.e., adsorbed water, mineral
hydrogens, tightly bound "dry" water, etc.) from the organic
material.

In addition, the temperature dependence of relaxation times
between 100K and 500K is being determined. The studies of the
300K-500K range are determining the loss of various inorganic and
organic components from the shales, while studies in the 100K-300K
range are being used in an attempt to estimate the presence of
s0lid, liquid, and gaseous components. For a given nuclear
species, the spin-spin relaxation time decreases and the spin-
lattice relaxation time increases when the component behaves as a
rigid solid at low temperatures. Each physical phase has a char-
acteristic temperature at which the spin-lattice relaxation time
reaches a minimum and the spin-spin relaxation time reaches a
constant minimum at a low temperature.

MECHANICAL TESTING

The mechanical testing program is designed to determine the
rupture characteristics of the shale and the amount of gas released
as a result of various loading parameters. The mechanical prop-
erties of the shales should be significantly influenced by both
the gas and kerogen resources present in the shales.

The resources present in the shale samples affect not only
the degree of fracture per load but also the crack front movement
through the shale. As cracks propagate through the shale, a cer-
tain amount of gas will be released. To aid in fully characterizing
the shale, not only the mechanical properties of the samples but
also the amount and species of gas released as a function of loading
are being determined.
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Shale samples which have been characterized geochemically are
placed in an environmental chamber coupled to a tensile tester.
The sample is loaded in diametral compression; and as it is put
under a steadily increasing load, the chamber pressure is monitored
and a quadrupole mass spectrometer linked to the system provides
a continuous read-out of the gas species present in the chamber.

The sample matrix currently being evaluated includes as-received
samples and samples exposed to various relative humidities for
extended periods of time. This latter condition is designed to
determine the effects of hydration on the mechanical properties.
Another variable that is being considered for the future is the
exposure of the shale to fracturing fluids prior to testing.

The breaking strength of the as-received samples has varied
from 0.92 MPa to 3.27 MPa. These values are being related back to
organic content, gas released during fracture, and even more
basically, the shore hardness value of the sample.

Dilatometry studies are also being performed on the shales.
In these studies, the samples are placed in contact with a frac-
turing fluid and the linear expansion of the sample as a function
of time is recorded by using a LVDT coupled to a digital recording
device. The fluids which are being studied include water, kerosene,
water and 2% KCf, and methanol and 70% (water and KCZ).

SEM, SIMS, AND EDXRA

The Scanning Electron Microscope, Secondary Ion Mass Spectro-
meter, and Energy Dispersive X-Ray Analyzer are being used to
provide a rather complete characterization of the samples. The SEM
with its various modes of operation is providing an insight into
the physical characteristics. It is being used to identify and
distinguish the materials present in the samples, and to determine
compositional distribution and phase boundary features.

The SEM does provide a new dimension for the petrographer as
Figures 1 through 4 illustrate. Figure 1 shows how mineral and
organic matter appear on the SEM. The organic matter (0) almost
appears transparent; this is in contrast to the thin section/optical
microscope view in which it would appear black. Figure 2 is a top
view of a bedding plane showing a uniform distribution of spores.
Figures 3 and 4 are SEM views of spores. The spore in Figure 4 has
been fractured, and a center layer of pyrite is evident.
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The Energy Dispersive X-Ray Analyzer is used to identify bulk
elemental composition, particular structures, and anomalous features.
Using thin section, it is possible to quantitatively identify matrix
material, since the unit is linked to a mini-computer which quanti-
tatively evaluates the spectrum.

The Secondary Ion Mass Spectrometer is being used to provide
analysis of characteristic portions of the material. Using the ion
gun of the system, it is possible to etch the sample while it remains
in the SEM.

Figure 5 shows two typical spectra observed on a mineral lens
that ran through a shale sample. Spectrum A was observed when the
ion beam was focused on the center of the lens. Spectrum B was
observed when the beam was focused on the edge of the lens. From
Spectrum B, it can be seen that gas which was trapped at the
lens/matrix interface was liberated during ion etching. With the
focusable ion beam, it is possible to distinguish differences in
organic material as well as more completely identify the inorganic
material which is present.

In addition to basic characterization studies, these three
instruments are also being used to evaluate the fracture surfaces
of the mechanical test specimen.

PERMEATION

A specially designed permeation cell will be used to determine
the permeation effects of pure gases and mixtures through the shale.
The permeability of these gases will be determined as a function of
pressure, temperature, and flow direction (parallel and normal to
the bedding direction).

Another variable that will be explored will be the effects of
water and other fracture fluids on the permeation of the gases
through the shale.

RADIONUCLIDE STUDY

A radionuclides study to determine the concentrations of ?3%y,
23%y, and 222Rn will provide data that can be used to evaluate the
environmental impact and health risk that would exist if concentra-
tions of radioactive materials were released as a natural consequence
of the hydrocarbon recovery process. Shale samples will be routinely
analyzed for ?22Rn which, since it is a gas, would have the greatest
environmental impact and health risk in a gas recovery process.
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DATA ANALYSIS

All of the data generated from the above studies will be
statistically analyzed. These analyses will be used to correlate
the hydrocarbon content of the shales with their various secondary
characteristics. It will be through these types of analyses that
the ultimate gas potentials of the shales can be related to specific
secondary characteristics. One of the goals of this analysis will
be to evaluate the effectiveness of simplified methods of resource
assessment using secondary characteristic identifications.

The approach to the data analysis is to model subunits that
can be subjected to some degree of experimental closure before
attempting to establish a relationship among fuel yield, analytical
techniques, and shale characteristics. These subunits are based
on both theoretical and empirical relationships. Experimental data
are playing a dominant role in deciding the directions of the data
analysis and are permitting objective decisions to be made on that
part of the theory that is under test.

Important consequences of this data analysis are: an objective
evaluation of the most accurate and reliable analytical techniques;
possible methods of associating fuel content with the secondary
characteristics of the shales; and a data bank which can be used
for future evaluation and modeling studies.

SUMMARY

This has been a brief outline of the Eastern Gas Shale Project
which is in progress at Mound Laboratory. We are currently in the
process of evaluating core samples from five wells located in the
Appalachian and Illinois Basins. Some of the results from these
analyses are addressed in another paper published in the proceedings
of this conference, and the oral presentation will cover the other
results currently available.

REFERENCES

1. Devonian Shale Gas, MERC/SP-77/3, June 1977.
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Figure 1. - Organic and Inorganic Material Present in Shale. Figure 2. - Spores Distributed Along Bedding Plane.

Figure 3. - A Collapsed Spore Located in a Shale Sample. Figure 4. - A Collapsed Spore With Pyrite Located in the
Center.
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INVESTIGATION OF STIMULATION TECHNOLOGY

ON TIGHT GAS RESERVOIRS OF
THE EASTERN UNITED STATES

by

Steven F. McKetta
Columbia Gas System Service Corporation
1600 Dublin Road
Columbus, Ohio 43215

ABSTRACT

A joint Columbia Gas-USERDA project, aimed at testing stimulation tech-
nology in various Appalachian Basin sandstones and shales, is currently being
conducted. Its purpose is to ascertain whether massive hydraulic fracturing
(MHF), dendritic fracturing (Kiel), or cryogenic fracturing techniques would
substantially increase gas production in the reservoirs treated.

This hydraulic fracturing program involves 13 wells and 14 fracturing
treatments in five different producing reservoirs in several Appalachian
states. The scope of the project includes the investigation of four dendritic
fracturing treatments, four cryogenic treatments (in the Shales only) and six
MHF treatments.

Since the onset of this project, three MHF treatments and one dendritic

fracturing treatment have been performed. Two of these MHF treatments and

the dendritic fracturing treatment were performed in the Clinton sandstone in
northeastern Ohio. The third MHF treatment performed was in the Berea sandstone
in western Virginia.

When this project is concluded, the results of these tests can be used

for a comparative assessment of the effectiveness of the various treatments
conducted.

INTRODUCTION

In an effort to meet the increasing demand for natural gas, Columbia Gas
and the U.S. Energy Research and Development Administration ?USERDA) initiated

a project in July, 1976 to investigate enhanced gas recovery from marginal gas
producing formations in the eastern United States.

The objective of this project is the investigation of the technical and
economic effectiveness of hydraulic fracturing stimulation technology in var-

ious Appalachian Basin sandstones and shales. This project has obvious near-
term goals and if successful, the effective technology could be applied to
all producing areas in the Appalachian Basin and pernaps lead to a major
expansion of drilling activities for natural gas.

Prepared for ERDA under Contract No. EF-76-C-05-5303
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This paper presents this project, which will be concluded in 1978, and
the research and field operations that have transpired since its initiation.

SCOPE OF PROJECT

This joint cost-sharing Columbia Gas-USERDA project is aimed at testing
the effectiveness of various hydraulic fracturing treatments involving 13
wells in five different gas-producing formations in the Appalachian Basin.
The project activities will include the investigation of six massive hydraulic
fracturing (MHF) treatments, four dendritic (Kiel) fracturing treatments and
four cryogenic fracturing treatments. The five geologic formations which
are scheduled to be tested in the project and which involve the following
criteria are (not in order of priority):

Clinton Sandstone (Ohio) - two retreatments (both MHF) and two new wells
(one MHF, one dendritic)

Berea Sandstone (Virginia) - two new wells (one MHF, one dendritic)

Benson Sandstone (West Virginia) - two new wells (one MHF, one dendritic)

Oriskany Sandstone (West Virginia) - two new wells (one MHF, one
dendritic)

Devonian Shales (Kentucky, Ohio, West Virginia) - three new wells and
one dual completion well (all cryogenic).

Thus, this program will involve 14 stimulation treatments in 13 wells
in four Appalachian states. Stimulation with the MHF techniques will utilize
at Teast 200,000 galions of fluid per treated interval. In the designs where
dendritic or cryogenic treatments are planned, the volumes of the fracturing
fluids used will be developed based on the physical factors of each forma-
tion involved. Also, all of the treatment designs are to be based on monetary
cost parameters.

The new wellsite locations for the project are planned to be in areas of
increased fracture trace density or near surface lineaments that can be mapped
from available radar, U-2 or Energy Resource Technology Satellite (ERTS)
imagery, so that gas containing natural fracture systems may be encountered
for enhanced gas recovery.!,2

WELLSITE SELECTION

_ Figure 1 is an example of selecting the new wellsites for the project.

These new wells will be selected in proximity to the regional fracture systems
so they intersect fractured zones of concentrated gas accumulations in the
reservoirs investigated.

When remote sensing imagery (radar or U-2 or ERTS) is studied, distinct
lines (lineaments) can be found on it and wells can be spotted so as to inter-
sect the zones of fracture porosity (gas-containing zones) in the reservoir
associated with these lineaments.

The procedure is to review the available imagery of the general area
for the well and delineate surface fractures (illustrated as lineaments on
the imagery). These lineaments are then transferred from the imagery photo
to a 7% minute quadrangle topographic map with a Bausch and Lomb zoom transfer
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scope, which allows proper scaling of these lineaments to the topographic

map. Once transferred to the topographic map, more definitive locations of
these lineaments can be pinpointed. Field measurements of the strike (azimuth)
and dip (expression of the angle that the feature makes with the horizontal
plane) of the surface fractures can then be made. With these measurements,

a well can be selected in such a manner as to intersect the zones of gas containing
natural fractures in the reservoir with a simple geometric equation (assuming
these surface expressions are consistent to the reservoir of concern). As
shown in the example of Figure 1, 554 feet of displacement from the surface
expression (1ineament) on the dipping side of the surface fracture is needed

to spot the well to intersect the natural fracture system in the reservoir.

Of course, adjustments on the surface for topographical features have to be
made in almost all cases; however, proximity to these surface fractures must
still be maintained to intersect their components in the reservoir.

WELLS SELECTED

As illustrated in Figure 2, ten of the proposed 13 wells for the program
have been selected. Six of these wells (two shale wells in Kentucky, one
shale well and one Berea well in Virginia, and two Benson wells in West
Virginia) were based on the above criterion of selection near surface linea-
ments. The remaining four Clinton wells (in Ohio) were not based on surface
lineament studies because of glacial deposits overlying the terrain and
obstructing imagery manifestations. Instead, these four wells were selected
based on known Clinton production in their respective areas in Ohio.

Also illustrated in Figure 2 is the general location of three proposed
wellsites yet to be selected for the program.

DRILLING AND CORING OPERATIONS

Table I presents the project wells that have been drilled. Also, their
locations, target zones, and total depths are jllustrated. As shown, four
new wells have recently been drilled (based on remote sensing imagery studies)
for the project, and four additional wells were drilled but not stimulated
prior to the program's inception.

Accordingly, in an attempt to more fully characterize the geclogic formations
being investigated, cores of each formation are to be obtained and examined.
The formations that have been cored, and the interval of core extracted from
each, are also included in Table I. Not illustrated in this table is 60 feet
of Berea sandstone core that was obtained from a well in Buchanan County of
western Virginia. This well was drilled for the program but had to be abandoned
because of the splitting of the casing and tubing which occurred when the tubing
was removed when preparing for a reservoir test.

In summary, eight of the 13 wells in the program have been drilled with
four drilled prior to the program's inception, and four specifically selected
with remote sensing techniques for the program goals. The remaining five
wells to be drilled will also be based on remote sensing imagery studies in
their respective areas. Two wellsites in Upshur County in north-central
West Virginia have just recently been studied and selected. Drilling opera-
tions on these two wells should be completed in the forthcoming months. Lastly,
two of the five geologic formations being investigated (Berea Sandstone and
Devonian Shale) have been cored for characterization and resource delineation
studies.
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LOGGING OPERATIONS

To supplement core information and to select specific zones for stimula-
tion in each well, a conventional logging program will be used. The gamma
ray log, the sibilation log, the resistivity log and the temperature log were
the logs primarily used to delineate the gas-bearing zones. Future zone
delineation for the other project wells will also use these logs.

ASSOCIATED RESEARCH

In addition to Columbia Gas, other organizations are also participating
in this 13-well test program. Figure 3 is presented to illustrate the func-
tions of these organizations. As shown in the Figure, most of these organi-
zations are involved in core studies of the five geologic formations being
investigated. For instance, of the cores extracted thus far, intervals were
submitted to the Morgantown Energy Research Center (MERC) of ERDA for orienta-
tion (to collaborate natural fracture orientation) and directional property
analysis. Also, specimens were removed at the well site for degasification
studies by Columbia, Battelle and others. Additional specimens were removed
for fracture mechanics tests by the Service Companies and Terra Tek of Salt
Lake City, Utah and also, specimens were submitted to the United States
Geological Survey (USGS) of Reston, Virginia, Mound Labs of Miamisburg, Ohio
and Juniata College of Huntingdon, Pennsylvania for geochemical studies (gas
maturation analyses). For the reservoir-property analysis, specimens were sent
to Core Lab of Dallas, Texas. Future cores extracted will also be submitted
to these organizations for further resource and reservoir property delineation.

STIMULATION TREATMENTS PERFORMED

To illustrate the volumes of fluid and sand used in the various treat-
ments performed, Table II is presented. Also, the physical treating parameters
are presented for illustration.

The first well hydraulically fractured under this contract with the
USERDA was Columbia Well No. 20237 in the Clinton sandstone in Mahoning County
of northeastern Ohio. This treatment was conducted in August, 1976. The design
used was that of the patented Kiel (dendritic) fracturing process in which
106,000 gallons of gelled (guar gum) water and 40,000 pounds of sand (25,000
pounds of 80/100 mesh and 15,000 pounds of 20/40 mesh sand) were injected at
an average rate of 52 barrels per minute (BPM) in five successive injection/
flowback periods. Also injected, for an energy-assist mechanism, was 425 Mscf
of carbon dioxide.

As illustrated in the Table, the average fracturing pressure reached during
this Kiel treatment was 2,600 psig; with the maximum treating pressure attained
2,300 psig. The instantaneous shut-in pressure (ISIP) recorded immediately
after the treatment was 500 psig.

The second stimulation treatment performed in the project was a massive
hydraulic fracturing (MHF) retreatment conducted in September, 1976 in a
Clinton sandstone section in Columbia Well No. 11236 in Trumbull County of
northeastern Ohio. The zone in this well had been previously treated in
August, 1972.
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This first hydraulic fracturing treatment of this zone (4,566 feet -
4,639 feet) utilized 50,400 gallons of a gelled water fluid carrying 61,800
pounds of 20/40 mesh sand. The treating pressure during this "conventionally"
sized treatment averaged 2,300 psig and the initial breakdown pressure was
1,850 psig. The maximum pressure reached during the pumping of the fluid
and sand was 2,700 psig. The ISIP following this first treatment was 1,100
psjg and after a five-minute shut-in period, the pressure had dropped to 325
psig.

The MHF retreatment, performed to extend the original fracture, utilized
324,580 gallons of gelled water with 500,000 pounds of sand (60,000 pounds
of 80/100 mesh and 440,000 of 20/40 mesh sand) and 691,760 Scf nitrogen
(injected continuously at approximately 100 Scf/Bbl throughout the treatment
for energy-assist for faster clean-up).

As illustrated in Table II, the injection rates during the MHF retreatment
of the Clinton sandstone started at 20 BPM and were increased to 40 BPM by the
end of the treatment. Also, the sand concentration was peaked at four (4)
pounds per gallon (ppg) of 20/40 mesh at the tail-end of the treatment.

The average treating pressure during this MHF retreatment was 2,200 psig
and was only slightly higher (by 100 psig) than the average treating pressure of
the "conventionally" sized treatment performed previously in this same zone.
The maximum treating pressure that was attained during the MHF treatment was
3,100 psig. The ISIP after this retreatment was 1,800 psig and this pressure
decreased to 1,050 psig after 15 minutes of shut-in. These pressure values
were somewhat higher during and after this MHF retreatment than the earlier
"conventional" treatment.

The third Clinton sandstone well treated thus far in the project was also
in Trumbull County of northeastern Ohio. In November, 1976, another gelled
water MHF treatment was conducted in the Clinton section in Columbia Well
No. 20245. The Clinton in this well was perforated with 17 - 0.40-inch holes
between 4,230 feet and 4,311 feet (refer to Table II). It was then stimulated
with 334,000 gallons of gelled water with 600,000 pounds of sand (100,000 pounds
of 80/100 mesh and 500,000 pounds of 20/40 mesh), and 695,250 Scf of nitrogen.
Pumping rates during this treatment averaged 30 BPM. The sand concentration was
peaked at 4 ppg of 20/40 mesh sand at the tail-end of the treatment. Originally,
it was planned to peak the 20/40 mesh sand concentration at 3 ppg; however,
during the treatment, the Clinton was taking sand so well that it was decided
to emplace the 20/40 mesh sand at 4 ppg at the tail-end.

The average treating pressure during this MHF treatment of the Clinton
sandstone was 2,400 psig and the maximum pressure attained was 2,960 psig.
The ISIP following the treatment was 1,550 psig and after a ten-minute shut-in,
the pressure declined to only 1,530 psigq.

The last treatment conducted thus far in this program occurred in January,
1977, when a third MHF treatment was conducted in the Berea sandstone section
in Columbia Well No. 20211 in Dickenson County, Virginia. The zone treated had
been perforated with 21 - 0.40-inch diameter deep penetrating holes between
4,133 feet and 4,193 feet (refer to Table II). In this well, the Berea sand-
stone was treated with 285,600 gallons of gelled water with 555,000 pounds of
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sand (435,000 pounds of 20/40 mesh and 120,000 pounds of 80/100 mesh) and
762,500 Scf of nitrogen. The pumping rates were incremented from 20-40 BPM
and the 20/40 sand concentration was peaked at 5 ppg at the tail-end of the
treatment.

The average treating pressure during this MHF treatment was 1,400 psig
and the maximum pressure attained was 1,800 psig. The ISIP following this
treatment was 100 psig and after 15 minutes of shut-in the Berea went on
vacuum (0 psig).

In summary, four stimulation treatments of the proposed 14 have been
conducted. Three of these have been MHF treatments in two northeastern Ohio
Clinton sandstone wells and one western Virginia Berea sandstone well. The
fourth treatment conducted has been a patented Kiel (dendritic) fracturing
process also performed in a northeastern Ohio Clinton sandstone well.

A1l three of the MHF treatments performed have utilized approximately
300,000 gallons of fluid pumped at an average rate of 30 BPM and emplacing
500-600,000 pounds of sand. Also, approximately 700 Mscf of nitrogen has
been injected throughout these "massive" volumes for supplemental energy-
assist for faster removal.

The Kiel process performed utilized only about one-half (}) the fluid
volume (160,000 galions) and one-fourteenth (1/14) the sand volume (40,000
pounds) as compared to the MHF treatments. However, these smaller volumes of
fluid and sand were injected at a much higher rate (52 BPM). Also, the
energy-assist mechanism was incorporated into the Kiel process by injecting
carbon dioxide (425 Mscf) as compared to the use of nitrogen with the MHF
treatment performed.

RESULTING PRODUCTION

Of the four sands stimulated, three have produced gas since stimulation.
One Clinton sandstone well (Well No. 20245), even after extensive swabbing
efforts to remove the frac fluid and promote gas production, continued to
make salt water and therefore was plugged.

Table III presents the four stimulated wells, the formation treated in
each and the type of treatment performed. For illustration, the initial open
flow before the treatment and the average daily open flow after the treatment
are given,

In all three of the treated wells where gas production has resulted, the
daily open flows have increased after stimulation.
RESERVOIR TESTING RESULTS

To establish a criterion for comparison of the effectiveness of the
treatments, pre- and post-treatment reservoir tests are to be conducted on
each well to determine reservoir parameters before and after the treatment.

For Columbia Well No. 11236, a pre-MHF test was conducted during

September, 1976. This well was drilled as a wildcat in 1972 in Trumbull
County, Ohio, to a total depth of 4,743 feet. Completion was made in the
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Clinton sandstone. In 1972, the well was "conventionally" fractured, as pre-
viously cited, and had been on production since December of that year.
Originally, the well produced some o0il and water; however, no 0il has been
produced since the beginning of 1976,

The pressure transient test conducted on this well prior to the MHF
retreatment consisted of three drawdown-buildup cycles. Each drawdown period
lasted four hours and was followed by a shut-in period of equal duration. Flow
rate, and both wellhead and bottomhole pressures, were measured as a function
of time by Columbia personnel. The well had been shut-in since early August,
1976, prior to opening the well for the first drawdown in September, 1976.
During the pre-MHF test, no fluid production was measured at the surface and
there was no evidence of fluid accumulation in the wellbore.

The primary objective of this pre-MHF analysis was to determine the
reservoir permeability (k) and skin factor (S). This information would provide
a comparison basis for post-MHF test results conducted after the treatment to
indicate the relative success of the MHF stimulation on this Clinton sandstone.
In addition to this, estimates of the induced fracture properties generated by
the 1972 "conventional" treatment were desired for comparison to the induced
fracture properties of the MHF retreatment.

Table IV presents the results of the pre-MHF test data analysis submitted
by Intercomp Resource Development and Engineering, Inc. of Houston, Texas
(reservoir engineering consultants subcontracted by Columbia for this
project). In their analysis, Igtercomp used both conventional plotting tech-
niques and numerical simulation”® to interpret the test data.

Since the test was conducted after the first conventionally-sized
treatment and before the MHF retreatment, these results found in Table IV
reflect the effects on the reservoir created by the conventionally-induced
fractures conducted in 1973. For instance, according to the test results,
the conventionally-sized treatment created a fracture 90.0 feet long (or
45 feet on a wing) with an infinite flow capacity (kh).

As of the time the paper was written, the post-MHF test of this well had
not been conducted. This is due to the desire to let the flow stabilize from
the Clinton sandstone and also, a scheduling problem encountered in treating
the Devonian Shale zone further up the hole in this well (dual completion
well). Therefore, a direct comparison cannot be presented at this time. The
post-MHF test on this well is to be conducted by late August, 1977.

Also included in Table IV are the results of the post-dendritic treatment
test results in Columbia Well No. 20237. This well was drilled during May and
early June, 1975 in Mahoning County of northeastern Ohio to a total depth of
4,928 feet. A net gas pay of 63 feet was found in the Clinton sandstone.

Core analysis of slightly over 50% of the pay averaged the horizontal perme-
ability (k) at 1.28 millidarcies (md). Analysis of well logs indicated an
average water saturation of 34.9% and an average porosity of 6.4%.

In August, 1976, the Clinton sandstone in this well was hydraulically
fractured with a dendritic (Kiel)-frac process. Before this stimulation
treatment, there was an insufficient volume of gas flow (refer to Table III)
to perform a pre-treatment reservoir test. However, a post-treatment test,
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consisting of three drawdown-buildup cycles, was conducted to evaluate the
improvement achieved by hydraulic fracturing.

This post-treatment test was conducted by Columbia and the data analyzed
by Intercomp with a single-phase, three-dimensional, radial flow numerical
simulator.* Their model accounts for pressure-dependent rock properties,
wellbore damage, wellbore storage, crossflow and partial penetration. In
conjunction with this numerical modeling, conventional and type-curve analyses
were used to obtain initial estimates of reservoir and fracture properties.
The final determinations presented in Table IV for Well No. 20237 were based
on adjusted values which gave a satisfactory match of the model-calculated
and measured pressures.

From the test analysis results, the Kiel treatment induced a fracture 310
feet long (or approximately 155 feet on a wing) into the Clinton sandstone
with a flow capacity (kh) of 100,000 md.-in.

As mentioned, an accurate comparison of pre-treatment and post-treatment

performance could not be determined since a pre-treatment test was not possible.

However, it was felt by Intercomp that the minimum improvement achieved by the
Kiel frac process could be estimated by assuming no skin damage existed before
the treatment. Figure 4 presents such a comparison at a constant wellhead
pressure (WHP) of 980 psig. The projected after-fracture performance in

this graph was computed with the numerical simulator described above. The
pre-frac performance was computed with a radial model with no fracture (Skin =
0). This projection shows a minimum three-fold increase in cumulative gas
production due to fracturing after two years of production. However, because
of the excessive estimated wellhead pressure used in the projection (980 psig)
Intercomp was asked to recalculate the production based on 200 psig; which is
currently the Tine pressure into which the well is producing. With this
recalculated value, more realistic production figures will be obtained.

According to the project goals, a post-treatment reservoir test was
conducted after the MHF gelled water treatment in the Berea sandstone in
Virginia (Columbia Well No. 20211); however, at the time this paper was
written, the final analysis was not available for presentation.

Lastly, reservoir testing of the Clinton sandstone well (Columbia Well
No. 20245) in northeastern Ohio was not conducted due to the low flow rate
before the MHF treatment performed on it, and due to the saltwater production
after the treatment (refer to Table III).

SUMMARY

Since initiation of the joint Columbia Gas-USERDA project in July, 1976,
ten of the 13 scheduled wells have been selected. Of these ten wells, eight
have been drilled (either prior to the program's initiation or specifically
for the program) and therefore have made target formations accessible for
stimulation treatments. Also, two more wells have recently been selected
with remote sensing techniques, and are to be drilled in the forthcoming
months.

Of the eight accessible zones, four have been stimulated--three Clinton
sandstones (in northeastern Ohio) and one Berea sandstone (in Virginia). Three
MHF treatments and one Kiel frac process have been performed.
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Since stimulation, two of the Clinton sandstones and the Berea sandstone
have produced gas. In these cases, the production has increased after the
treatments were conducted. The third Clinton sandstone stimulated did not
have any gas production, but produced saltwater, and therefore was abandoned.

Reservoir test results of a Clinton sandstone well stimulated with a
“conventionally" sized treatment in 1972, indicate that this treatment induced
a 90-foot fracture into the Clinton. Post-treatment testing of the recently
performed MHF retreatment has not yet been conducted for a comparison of the
MHF improvement.

Other reservoir test results of another Clinton sandstone well stimulated
recently with a Kiel frac process, indicate that this treatment created a
310-foot fracture into the Clinton.

Continued research is being conducted by Columbia Gas, USERDA and other
organizations. The objective is to test the technical and economic effective-
ness of hydraulic fracturing technology for enhanced gas recovery from five
marginal gas-producing reservoirs in the Appalachian Basin, and also to
characterize these reservoirs for future development.

NOMENCLATURE
A = horizontal displacement of well from surface fracture
B = depth of well to reservoir
Cot = cotangent of dip angle
CO2 = carbon dioxide
h = height
ISIP = instantaneous shut-in pressure, psig
k = permeability, md
kh = flow capacity, md.-in. or md.-ft.
1b/ft = pounds/foot, weight
Mcfd = thousands of cubic feet per day (gas flow)
md = millidarcy = 1/1000 of a Darcy
md-ft = millidarcy feet
md-in = millidarcy inches
N2 = nitrogen
ppg = pounds per gallon
psia = pounds per square inch, absolute
S = skin factor
Scf = standard cubic feet
0% = dip of lineament
F = degrees, Fahrenheit
¢ = porosity, percent
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TABLE I

TABLE I VOLUME AND TREATMENT PARAMETERS

M THENTS
DRILLED WELLS [N COLUMBIA-USERDA 01% F;E:;%EJ()EF{LrlEQTE]-S;%'E%ROJECT
13-WELL TEST PROJECT

. . Total Cored Well No. 20237 11236 20245 20211
Columbia X Formation Date Depth Interval
Well No. Location Investigated Drilted (ft) (ft) Location Mahoning Trumbull Trumbull Dickenson
Co., Ohio Co., Ghio Co., Ohio Co., Virginia
20237 Mahom’ng‘County, Clinton 1975* 4,928 --
Ohio Sandstone fFormation Clinton Clinton Clinton Berea
. Sandstone Sandstone Sandstone Sandstone
11236 Trumbull 'County, Clinton 1972* 4,743 --
Ohio Sandstone perfed Interval (ft.)|4,725-4,800| 4,566-4,635 | 4,230-4,31 4,133-4,193
20245 Trumbull County, Clinton 1975* 4,812 --
Ohio Sandstone Treatment Date 8/31/76 9/29/76 N/10/76 1/5/71
2021 Dickenson County, Berea 1976 4,275 --
Virginia Sendstone Treatment Type Dendritic | Water MHF Water MHF Water MHE
20336 Martin County, Devonian 1976 3,457 1,000 (Kiel) Retreatment
Kentucky Shale
4 334,000 285,600
20337 Martin County, Devonian 1976 3,602 - ”%;;’{‘?'Q‘gs‘)"”“"‘e 106,000 524,580
Kentucky Shale
; : Sand Volume {Lbs.) 40,000 500,000 600,000 555,000
20338-T | MWise County, Devonian 1977 5,74 400 80/100 mesh/ 25.000/4ppg | 60,000/2ppg | 100,000/4ppg | 120,000/2.5ppg
Virginia Shale peak conc.
4 440,000/4 500,000/4 435,000/ 5pp
11354 Coshocton County, | Clinton vo72x | 4,817 .- 20740 mesn/ 15,000/4ppg /4phg /40pg 9
Dhic Sandstone P )
Nitrogen Volume (Scf) -- 691,760 695,250 762,500
*Wells drilled prior to project inception. €0, Volume (sef) 425,000 - =" =
Avg. Rates (BPM) 152 20-40 30 20-40
Avg. Treating Press. | 2600 2200 2400 1400
psig)
Max. Treating Press. | 2800 3100 2960 1800
(psig)
15IP (psig) 500 1800 1550 100
ISIP/minutes (psig) -- 1050/15 1530/10 0/15
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TABLE 11T

PRODUCTION RESULTING AFTER
STIMULATION TREATMENTS

Average Open
M Cumulative Gas Flow after

Open Flow before Type of Produced (MMcf)/ Treatment
Well No. Formation Treated Treatment (Mcfd) Treatment Performed Days on Line {Mcfd)
202373 Clinton Sandstone 3.4 Dendritic (Kiel) 27.8/200 1,200
11236 Clinton Sandstone 40* Water MHF Retreatment| 10.4/209 150
20211 Berea Sandstone 84 Water MHF 30.5/43 2,054
20245 Clinton Sandstone ! Water MHF 02 0

*Production into existing line

]No measurable gas flow

2F‘mduced saltwater after MHF treatment - plugged and abandoned.
Also produced 285 bbls. of 0il since stimulation.

3

TABLE IV

RESERVOIR TESTING RESULTS

Well No. 11236

Well No. 20237

Static reservoir pressure, psia 915.03 1624.25
formation net pay thickness, ft. 38 63
Average tota)l porosity, percent 4.8 6.4
Estimated gas saturation, percent na 57.9
Estimated oil saturation, percent 5.9 7.2
Basic fstimated water saturation, percent 23.4 34.9
Reservoir fstimated reservoir temperature, °F 103 1o
and Base temperature, °F 60 60
Well Base pressure, psia 14.73 14.65
Data Perforated interval, ft. 4566-4639 4725-4840
Flow string diameter, in. 4.5 4.5
Flow string weight, 1b./ft. 11.6 11.6
Estimated friction factor 0.013 0.013
Well radius, ft. 0.328 0.342
Well spacing, acres 160 160
Test Perfarmed Pre-Treatment Post-Treatment
Test Test
Initial drainage volume pressure, psia 915.03 1624.25
Reservoir flow capacity, kh, md-ft. 10.26 9.639
Pseudo-skin factor -4.23 -3.70
Net pay thickness, ft. 38 63
Avg. res. perm., mds. .270 0.153
Avg. eff. gas ¢, percent .60 0.0347
Test Post fracture flow eff., percent 1 -- 360 13
Results Reservoir turbulence factor, ft.~ a - 10 7.020 x 104
Turbulence factor in fracture, ft. 1.40 x 10 1.521 x 10
Fracture length, ft. 90.0 310
Fracture flow capacity, md.-in. {infinite) 100,000
Fracture height, ft. 38 63
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TO INTERSECT FRACTURES
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MASSIVE HYDRAULIC FRACTURING
OF THE DEVONIAN SHALE
IN LINCOLN COUNTY, WEST VIRGINIA

by

Steven F. McKetta
Columbia Gas System Service Corporation
1600 Dublin Road
Columbus, Ohio 43215

ABSTRACT

Columbia Gas, in conjunction with the U.S. Energy Research and Development
Administration (USERDA), is currently investigating the technical and economic
effectiveness of massive hydraulic fracturing (MHF) techniques for enhanced gas
recovery in the Upper Devonian Shales of the Eastern United States.

The project area includes three welis in a 5,000 acre undeveloped tract in
western Lincoln County, West Virginia, approximately 40 miles southwest of
Charleston, West Virginia. In each of these three wells, selected with remote
sensing imagery for proximity to surface fractures (lineaments), the total depth
encompasses the entire Upper Devonian Shale; a sequence which contains four
primary zones of interest.

The scope of this joint Columbia Gas-USERDA investigation is to individually
stimulate these twelve zones of interest with various MHF techniques. Since
inception, five MHF stimulation treatments have been performed using foam and
modified water in two of the wells. The third well is being reserved to utilize
information learned from the first two.

Once complete, these ongoing tests can be used to assess the promise of large
hydraulic fracturing treatments in stimulating these Shales and designing future
treatments.

INTRODUCTION

The increasing demand for all energy forms and particularly natural gas has
attracted attention from industry and the Government to explore new and large historic
and nonhistoric sources of natural gas.

The thick, hydrocarbon-bearing Upper Devonian Shales (hereafter referred
to as simply Devonian Shales), which underlie much of the Eastern States, have
become a specific target of this exploration. The gas reserves locked in these
shales, estimated to exceed by several times the current proven gas reserves
of the nation, have made them a primary interest. Unfortunately, these shales,
formed from muds deposited approximately 350 million years ago, are fine-grained
with very low permeability; making it difficult to economically produce large
quantities of gas from them to meet the natural gas demands.

Prepared for ERDA under Contract No. E(46-1)-8014
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The objective of a jointly sponsored Columbia Gas-USERDA cost-sharing
program, initiated in June, 1975 is to assess the technical and economic
effectiveness of obtaining these large accumulations of gas with a stimulation
technique known as massive hydraulic fracturing (MHF).

This paper presents this program, which will be concluded in 1978, and the
research and field operations that have transpired since its initiation.

BACKGROUND OF PROGRAM

The purpose of this joint Columbia Gas-USERDA program is to determine if
the Devonian Shales of the eastern United States can be given primary consid-
eration for development of its gas reserves by unlocking them with massive
hydraulic fracturing (MHF) treatments. Since the concept of MHF is based on
existing knowledge employing existing field equipment, it represents an expedi-
ent technical solution to releasing these large gas reserves.

The scope of this program is to drill, core and log (for characterization)
and stimulate, with MHF technigues, the Devonian Shales in three wells.

Based on past drilling around the proposed area for the program (Mingo,
Lincoln and Wayne Counties of western West Virginia), it was estimated that
the Devonian Shales in this test area range in thickness between 1.000 feet and
1,200 feet (refer to Figure ). Therefore, due to physical factors, each MHF
treatment could encompass about 250 to 300 feet of shale thickness and be about
250,000 gallons in fluid magnitude. The first well for the program, therefore, will
be used as a MHF test-bed requiring a maximum of four (4) MHF treatments designed
for effective treatment of each zone. The selection of these zones will be based
on the physical limitations of the fluid and the knowledge gained from the coring
and logging program on the reservoir rocks.

The intent of the second well in this program is to create fracture

extensions from a smaller shale thickness zone. These smaller zones
will be selected in regions of secondary porosity (natural fractures)in the
Devonian Shales as found with core and log data. Historically, over 90 percent
of all the wells drilled and stimulated (with 80% gelled nitroglycerine) in the
Appalachian Basin Devonian Shales have produced gas. The better producing wells

and the better producing areas of the Basin_are believed to be associated with
the occurrence of natural fracture systems.! The supposition with the selec-
tion of the MHF treatments in these zones of natural fractures is that, the
1nduged MHF fractures will interconnect these gas containing natural fractures
and increase the gas deliverability to the wellbore. In this second well, a
maximum of four of these zones are to be hydraulically stimulated. Each treat-

ment will cover up to 100 feet of shale thickness and will be on the order of
200,000 to 250,000 gallons.

The third well in the program will incorporate the results from the first
two wells, which will provide design optimizations for the stimulation and target

zone selections. For this well, a maximum of four 250,000 gallon treatments have
been allocated.

This program, thefefore, calls for twelve MHF stimulation treatments to be
performed in the Devonian Shales in three wells selectively chosen.
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CRITERIA USED FOR SELECTING THE WELLS

Since this program entails the investigation of a new technique in the
Devonian Shales, Columbia Gas believed that the MHF program well sites would
have to be close to an area of proven Devonian Shale production. This, it
was felt, was the only way to allow a comparison of the new MHF technique's
capabilities of increasing gas production. Also, this area selected would
have to be near Columbia's gas gathering lines to allow extensive production
testing to be done to make this comparison. The area chosen, based on these
criteria, was the "Big Sandy" field of southwestern Virginia, western West
Virginia and eastern Kentucky (also noted on Figure 1).

After the selection of this general area, the location of the three
specific MHF program well sites was a particularly difficult task. The primary
problem was to find a relatively undeveloped tract in the "Big Sandy" field
suitable for potential MHF experimentation. Therefore, a relatively large,
undrilled area for the wells would have to be found so that a maximum reservoir
pressure would be encountered. This maximum reservoir pressure type of
environment would denote a virgin area of the Devonian Shales, which would be,
theoretically, indicative of other unproduced Devonian Shale areas in other
parts of the undrilled Appalachian Basin. Therefore, it was believed that,
with the use of this paradym, we could conceivably extrapolate the results from
this particular area to other similar areas in the Basin. Another selection
criterion for this tract in the "Big Sandy" fieldwas that this area would have
to be suited for the complicated logistics involved with MHF treatments. Since
these treatments require a large number of pumping equipment and storage tanks,
ample space for their placement was needed.

One last criterion that was set for the selection of the three wells in
the "Big Sandy" field was that the area of their location have production indi-
cative of a fractured reservoir. Traditionally, better producing Devonian Shale
wells are thought to be associated with the occurrence of natural fracture sys-
tems,z’3 yet, core samples of Devonian Shales previously taken by Columbia 1in
the Basin, indicated that large quantities of gas were in close proximity to the
wellbore {from off-gassing experiments). Therefore, it was conceivable that
this matrix-bound gas could be produced through induced fractures. Columbia
envisioned, with the use of this well site selection criterion, that MHF would
offer an increased probability of communicating with the gas containing natural
fractures and an increased efficiency of producing the matrix-bound gas through
induced fractures for an enhanced gas recovery from the shales.

With considerable analysis of the available field data, three tracts were
selected in the "Big Sandy" field based on the above criteria. Detailed production
histories and special geologic maps were prepared covering a 36 square-mile range
around each of these areas.

At the same time each of the three tracts were being analyzed for reservoir
pressure, production and geologic data, Columbia was reviewing remote-sensing
imagery in these areas. This imagery (primarily LANDSAT, with some U-2 and SKYLAB)
was used to distinguish surface fractures (lineaments). The assumption in this
analysis is that these surface expressions are manifestations of underground
fracture patterns. With this imagery, the well sites were being selected in
proximity to these surface lineaments to intersect the natural fracture systems
downhole to fullfill the above criterion.
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After analyzing this imagery data and field checking the three potential
areas, an undeveloped tract in western Lincoln County, approximately 40 miles
southwest of Charleston, West Virginia was selected for the location of the
three test wells (Figure 2). This selected area was then submitted to the
USERDA at the Morgantown Energy Research Center (MERC) in Morgantown,

West Virginia for review. The three sites selected were approved and drilling
operations commenced in early 1976.

PRELIMINARY FIELD OPERATIONS

Drilling of the first project well (Well No. 20403) began in early January,
1976. By the end of March, 1976, all three project wells were drilled and cased.
The total depth of each well, which encompassed the entire Devonian Shales, were
3,920 feet {Well No. 20401), 4,066 feet (Well No. 20402) and 4,067 feet
(Well No. 20403). The wells are located approximately one mile from each
other.

The original casing program on all three wells consisted of approximately
80 feet of 13-3/8 inch surface casing, 2,500 feet of 9-5/8 inch intermediate
string through the Berea sandstone, and approximately 4,050 feet of 7 inch
production string casing to total depth. Due to cementing problems encountered
on the first drilled project well, this original production string casing
program for this well was modified. During the cementing operations of Well
No. 20403, lost circulation occurred in the shale at approximately 3,780 feet.
Therefore, to cement the rest of the shale, a two stage "air-balance" cement
job was performed above this lost circulation zone. After these stages were
completed, a squeeze cement job was attempted on the lost circulation zone.
This treatment failed to seal-off the perforations in the zone, and 4-1/2 inch
casing was run inside the 7 inch casing in order to perform the planned
fracturing treatments below this lost circulation zone. Also modified was the
original production string design for the remaining two wells (Well No. 20401
and Well No. 20402). In these wells, the 7 inch casing was changed to 5-1/2 inch
casing to allow a thicker cement sheath behind the casing in the 8-3/4 inch
drilled hole. This was done to preclude downhole casing problems, in case of
abnormal pressures that might arise during the fracturing treatments.

In order to fully characterize the Devonian Shales for resource delineation
and treatment design, Columbia felt it very important to core, in at least one
well, the entire Devonian Shale column. Also, it was felt, this core should be
supplemented with a complete suite of logs in all three project wells. Well
No. 20403 was cored throughout the entire Devonian Shale column. In this well
a total of 1,335 feet (from 2,720 feet - 4,055 feet) of shale was cored. The
second project well drilled (Well No. 20401) was not cored due to the excessive
shale thickness encountered in Well No. 20403; which was almost twice as thick
as originally budgeted for. Lastly, the third project well drilled (Well No.
20402) was selectively cored for a total of 610 feet in the shales where addi-
tional detailed information was believed important (higher gas content zone).

These high gas content zones were based upon off-gassing tests from the core
taken in Well No. 20403.

All of the cores extracted from both wells were orientated every two feet
for correlation to natural surface fracture orientation obtained from remote
sensing interpretation. Coring time, with orientation, averaged about 100 feet
every 24 hours. Stiff foam was used as the cRring medium because of the appar-
ent water sensitivity of the Devonian Shales. With the use of this fluid,
minimal problems were encountered.
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After the respective wells were drilled and cored, logs were run for further
Devonian Shale evaluation. The basic logging program for the three wells was
designed around both dry-hole and wet-hole logs. The fluid used to accomplish
the wet-hole logs was a 3% KC1 water system with starch for fluid loss control.
Table I illustrates the type of logs used in the logging program for the three
wells. This suite of logs was run to more fully define the gas distribution
and fracture distribution in the Devonian Shales.

Unlike the coring operations, problems were encountered with the shale
breaking down when we attempted to load the entire hole with fluid during wet-
hole logging operations. However, once fluid levels were maintained at
approximately 2,100 feet, the shale stabilized and the wet-hole logs were able
to be run with minimal problems.

ASSOCIATED RESEARCH INVESTIGATIONS

In association with Columbia Gas, other organizations have been incorporated
into the MHF program. Figure 3 presents these other organizations and their
functions in the program. It is beyond the scope of this paper to discuss their
specific functions in any detail, however, in general, the majority of these
organizations are involved in Devonian Shale core studies. These core studies
include examining the cores for mineralogy, organic carbon content, trace element
composition, maturation, physical properties (including rock mechanics), MHF
design, etc. The final outcome of these investigations will be an assessment of
the characterization and resource delineation of the Devonian Shales.

In conjunction with these organizations, Columbia is also performing core
studies on the Devonian Shales. Our endeavors in these studies have centered
around free-gas measurements of the shale (off-gassing experiments). As cores
were pulled from the well they were preserved on location by sealing them in
metal canisters and brought to the lab for free-gas measurements. After a few
weeks in the lab, the diffusion of gas through these tight Devonian Shale cores
became quite evident as the metal canisters started to deform from internal
pressure. This phenomena was apparent in all the canisters (every fifth foot of
core), denoting that gas was evolving from the entire shale column. The free gas
released from these cores was then measured and these data are presented in
Figure 4. From this graph it can be seen that all of the shale has some free gas
evolving, with the higher values in the rich organic sections (black shales from
T1ithology description?. These results are very important from the standpoint of
potential free gas reserve estimates and original gas in place estimates.

Figure 5 illustrates another aspect of the Devonian Shales Columbia has been
involved with. This figure summarizes the geologic findings of the three Devonian
Shale project wells, as prepared by Columbia's geologists. These cross-sections
of each well were primarily based on log information, with some core information
(as indicated) used to define the zones of vertical fractures. From the log
analysis, the figure shows that six separate zones (Upper-Middle-Lower Gray Shales
and Upper-Middle-Lower Brown Shales) exist in the Devonian Shales in the area of
Lincoln County, West Virginia. Also, it illustrates that although these separate
zones remain of the same thickness in the offset wells (approximately one mile
apart) the gas distribution {from sibilation logs) and the vertical fracture
distribution (observed from cores extracted) vary from one offset well to the
other. This clearly demonstrated to Columbia the need and importance of a complete
analysis of each Devonian Shale well in the program to enable selective stimulation
treatments.
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MHF TREATMENTS

Since this joint Columbia Gas-USERDA program began, five operationally
successful MHF stimulation treatments have been performed in the Devonian
Shales in two of the project wells. Rather than laboriously state the types
and volumes of fluid and sand used in these treatments, Tables II (Well No.
20403) and III (Well No. 20401) are presented to illustrate these values
along with other information found.

The procedures for performing each of these treatments included: evalu-
ating the log and core information available for zone selection; perforating
the zones as selected; breaking down the zones with HCZ acid for wellbore
damage removal; obtaining pre-treatment open flows; pre-frac reservoir test-
ing the zones (to obtain initial values of flow capacity, reservoir pressure
and assess wellbore damage); treatment design; execution and clean-up; obtain-
ing after treatment open flows; and lastly, post-frac reservoir testing of
each zone (to obtain final flow capacity, reservoir pressure and wellbore
damage values to compare to pre-frac test values). Pertinent information
found during these procedures is also listed in Tables II and III for each
zone treated in the two wells.

In Table II, the volumes of fluid and the treatment application param-
eters found in three MHF foam type treatments performed in three separate
zones in Well No. 20403 are illustrated. As mentioned earlier, the basic
program called for the treatment of the entire shale column in one well; how-
ever, because of an excessive amount of shale encountered, 1,335 feet rather
than the 1,000 feet anticipated, this plan was modified because of budgetary
restrictions. Rather, the three zones treated (respectively labeled Zone 1,
Zone 2 and Zone 3 in Table II) were selected based on log and core data

depicting gas containment zones. The specific depths selected and perfora-
ted are given in Table II.

The use of foam as a fracturing fluid in Well No. 20403 came about after
reviewing various frac proposals prepared by the Service Companies from both
a technical and economic viewpoint. 1In view of the potential clean-up prob-
Tems in this low pressure reservoir (found from pre-frac testing to be about
250 psi), it was decided to try foam-fracing because of its beneficial "energy-
assist" mechanism by injecting gaseous nitrogen in the fluid. At the same
time, it was also decided to use foam in the stimulation of all four zones in
Well No. 20403. It was felt, by utilizing essentially the same frac fluid and
the same design on all four zones, direct comparisons of production results
with our in-place free-gas measurements from the cores could be accomplished.
The volumes of foam used in these treatments were based on an approximate
1,000 gallons per perforated foot basis for each zone.

In Table III, the volumes of fluid and the treatment application para-
meters found in two types of MHF treatments performed in two separate zones

in Well No. 20401 are illustrated. Since the basic program scheduled one
well for treatments to extend induced fractures from a smaller treatment

zone (100 feet) to intersect natural fractures, the two zones in this well
were selected with this criterion from log information. Resistivity cross-
plots (as illustrated in Figure 5) were used to determine the probable
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higher permeable zones; i.e., zones of natural fracture concentrations, which
produce secondary porosity zones. The specific depths of the zones selected
and perforated are given in Table III.

The first MHF treatment of the lowermost shale zone (Lower Brown Shale)
in Well No. 20401 utilized a frac fluid consisting of gelled (guar gum) water.
The choice of using a gelled water type treatment in the shaleswas based upon:
(1) the need for a comparison of its effectiveness as measured against the

results of the foam-type treatments and, (2) its present popularity with producers

using it in other reservoirs throughout the industry, because of its attractive

economics and past effectiveness. However, due to an excessive clean-up time
experienced after this first gelled-water treatment (5 months to recover only

36% of the fluid used), the treatment type used on the second zone in this well

(Middle Brown Shale) was modified. This second treatment included a foam spear-

head component followed by a gelled water component, with nitrogen pumped
throughout the treatment for an "energy-assist" mechanism for faster recovery.
The volume ratio of the gelled water component to foam component was about 7 to

This type of treatment was labeled a modified water MHF by Columbia and its
components are listed in Table III.

The sand schedule for the five treatments performed thus far utilized
the injection of 80/100 mesh sand, to seal-off microfractures believed pres-
ent in the Devonian Shales and thus minimizing fluid leakoff?, followed by
the injection of 20/40 mesh sand for maximum propped frac height. The vol-
umes of sand and the peak concentrations, in pounds per gallon (ppg), emplaced
in each treatment is given in Tables II and III.

Also included in Tables II and III are the clean-up times required for
the frac fluid recovery of each treatment and the percentages recovered after
these treatments. The most immediate effectiveness of a fracturing treatment
that can be monitored for comparison is the clean-up time; that is, the
amount of time after turnaround necessary for gas production. In the case
of the treatments performed in the program, this time was cut-off when the
gas was flowing free of fluid and also, the gas was flowing at a sufficient
rate, without drowning out, to allow a constant terminal rate pressure anal-
ysis.(on the order of 20 Mcfd because of flow gauge limitations). It may be
mentioned here that reduced clean-up times are believed a necessity in the
Devonian Shales because of the reduced relative permeability to gas created by
the capillary retention of the imbibed fracturing fluids, and not necessarily
a necessity because of clay problems (swelling and migration).

PRODUCTION RESULTS

For preliminary comparisons, measurements of gas volume open flows before
and after the MHF treatments were obtained. It should be noted here that
Columbia does not recommend using these "initial" pre- and post-frac open
flows as indicators of the MHF's effectiveness on increased gas production,
because of their inconsistent behavior in the Devonian Shales. Rather, based
on past experience with the Devonian Shales, we feel a more reliable indi-
cator is the use of decline curve analyses, in which gas production is moni-
tored for at least three years to arrive at (by extrapolation) the potential
production increases resulting from each treatment. However, in lieu of this,

these "short-term" open flows obtained before and after each treatment do
serve as indicators of the presence of gas in the shales or as we have

recently found, as indicators of possible fracture communication in the shales.

Therefore, these pre- and post-frac open flows will be presented For illus-
tration.
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For instance, in the project Well No. 20403, there was no measurable open
flow before the MHF foam treatment on its first zone, which includes all of
the Lower Brown Shale and a portion of the Lower Gray Shale (refer to Figure 5
for perspective of location in shale column). After the foam treatment, the
total hydrocarbon flow rate rose to 110 Mcfd; after the production of the nitro-
gen used in the treatment ceased. Therefore, this open flow indicated to us that
gas is present in these lower sections of the Devonian Shales, which in this por-
tion of the Basin have never been a preliminary target for stimulation.

Upon perforating and breaking down the second zone in this well (Middle
Brown Shale), an open flow of 95 Mcfd was measured. Due to this open flow's
anomalous proximity to the first zone's open flow (110 Mcfd), a pressure
interference test was conducted to investigate for communication (fracture
migration) between the two zones. In conjunction with this pressure test, chroma-
tographic composition analysis of gas samples obtained from both zones was con-
ducted for comparison. Both the pressure interference test and the gas composi-
tion analysis showed communication between the two zones, as was originally indi-
cated by the open flow. The evidences were a one-hundred (100) psig pressure
drop within 24 hours in the untreated second zone, while producing the treated
zone, and an identically high nitrogen concentration in both the gas samples
analyzed from the treated and untreated zones. With these results, it was evi-
dent that the MHF foam treatment conducted on the first zone propagated some
199 feet vertically, into the untreated second zone. Therefore, during the
MHF foam treatment on the second zone that followed, a diverting agent (benzoic
acid) was used in the treating fluid to bridge-off the downward growth of the
fracture into the lower zone already treated. The initial open flow recorded
from this second zone after its treatment was 200 Mcfd.

Subsequently, the third zone in this well (including a portion of the
Middle Gray Shale and all of the Upper Brown Shale) was perforated and broken
down and an initial open flow of 103 Mcfd was gauged, which is substantially
Jow enough that communication was not suspected. However, based on the
experience of the lower zones, a pressure interference test and a gas composi-
tion analysis were conducted. Their results showed that communication wasn't
present, indicating this open flow of gas to be "virgin" from this section of
the shale. Nevertheless, as a safeguard, during the foam treatment of the
third zone, a diverting agent was used to prevent fracture migration downward
in the zones previously treated. As of the time this paper was written, this
third zone was still cleaning up and approximately 30% of the water used has
been recovered. The open flow after 17 days of clean-up was gauged at 111
Mcfd.

In the other project well (No. 20401), there was no measurable open flow
prior to the MHF gelled water treatment performed on this well's first zone
(Lower Brown Shale; also refer to Figure 5). After this treatment and an
extended clean-up time of 7 months, the open flow was gauged at 110 Mcfd.
Upon perforation and breakdown of the second zone (Middle Brown Shale), there
was also no appreciable flow; leading us to believe there was no fracture
induced communication between the two zones. Subsequently, a pressure inter-
ference test conducted reinforced this belief. At the time this paper is
being prepared, the second zone was cleaning up after the modified MHF gelled
water treatment was performed. Preliminary data show that approximately 57%
of the fluid used for the treatment has been recovered after only 16 days.
This is a markedly reduced return time of the fluid as compared to the lower
zone treated in this well (5 months to return only 36%). The open flow after
these 16 days was gauged at 119 Mcfd.
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RESERVOIR TESTING RESULTS

In an attempt to define the improvement of the MHF treatments on each
zone, pre- and post-frac reservoir tests were conducted to establish flow
capac1ty (kh), permeability (k), skin effect (S) and effective fracture
length ( ) for comparison. These tests consisted of approximately one
week of drgwdown (flowing the well at a constant rate) and two weeks of
buildup (shutting the well in). The limiting factor for conducting these
tests was a flow rate of no less than 20 Mcfd, because of the flow gauge
restrictions.

These tests were conducted by Columbia, and the data ohtained compiled
and submitted to H. K. van Poollen and Associates of Littleton, Colorado
(sub-contracted reservoir engineering consultants in the program) for their
analysis. Table IV presents their test analysis results for the first two
zones in Well No. 20403. Several types of analyses were used to calculate

these results, which included the interpretation of linear, spherical and
pseudo-radial flow regimes during the tests.

As illustrated in Table IV, pre- and post-frac data for the first zone
in Well No. 20403 were not adequate because of a failure in the pressure recording
device, and a complete analysis could not be performed. However, analysis of
the flow test suggests the possibility of a permeability (k), in the range of
0.05 to 0.10 md after the treatment of this zone.

As mentioned earlier, interference testing indicated that the fracture
generated by the first foam treatment migrated vertically into the second per-
forated interval (3,409 feet to 3,651 feet), resulting in communication between
the sets of perforations. Therefore, the contributing interval during the
pre- and post-frac testing of the second zone was not exactly known. In order
to distinguish this uncertainty, van Poollen and Associates examined two 1im-
jting cases. Case I (as illustrated) assumes gas production during the test-
ing was coming only from the second perforated zone (h = 205 feet). In Case
IT, they assume that the gas production is coming from both perforated zones
and the intervalin between (3,409 feet - 4,031 feet, h = 622 feet).

The results from the testing of the second zone show, from both cases,
that the effective permeability, (k), of the portion of the shale reservoir
investigated, is in the range of 0.03 to 0.44 md. Also, from the Horner
plot of the pre-frac pressure test data, the negative skin effect (S) values
of -4.3 (Case 1) and -4.1 (Case II) indicate improvement of near wellbore
conditions. These improvement indicators are probably due to the vertical
extent of the fracture from the first zone moving up into this second zone
and removing its wellbore damage. Also, after the second treatment, these

?Sllbore)conditions (S) were only slightly improved to -4.9 (Case I) and -4.75
ase II).

Another important purpose of these test analyses is to determine the effect-
jve fracture length (2xf) created by these MHF treatments. Once again, look-
ing specifically at the Horner plot analysis, the pre-frac test data in
Table IV indicate that the effective fracture length (2xf) is 86 feet in Case I
(flow from one zone only) or 72 feet in Case II (flow from whole interval
between zones. Once again, these frac lengths probably represent the lateral
extent of the first fracture in Zone 1. Subsequently, after the MHF treatment
of the second zone, these effective frac lengths grew to 156 feet (Case I) or
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136 feet (Case II), as illustrated by the post-frac test data. Accordingly
this resulted in aimost twice the effective surface area available for gas

flow from the reservoir, in either case used. In the second zone, the observed
increase in open flow, from 95 Mcfd before the treatment to 200 Mcfd after the
treatment, reflects this increase in effective surface area. However, these
effective frac length values obtained, according to the test results, are sig-
nificantly lower than the predicted 760 feet from the Carter equatgon used by
the Service Companies to determine the areal extent of a fracture.

The test results for the third zone stimulated in Well No. 20403 and the
two zones treated in Well No. 20401 were not available for presentation in
this paper.

SUMMARY

Since the initiation of this Columbia Gas-USERDA program, three Devonian
Shale wells have been selected using various areal topography and production
criteria in Lincoln County, West Virginia. Also, these wells have been
drilled, cored (selectively) and logged.

From the cores extracted, off-gassing experiments were performed which
indicate free-gas is present throughout the entire Devonian Shale column in
this geographic area. Continued research on the cores by Columbia and other
organizations is being conducted for characterization and resource delineation
of the Devonian Shales.

With the suite of logs run in the three project wells, cross-sections of
the Devonian Shales in this geographic area have been prepared. These cross-

sections depict six 1ithologically different sections (zones) in the Devonian Shales.

Based on the core and log data available, five zones in two wells have
been selected and stimulated with MHF techniques. These zones in one well
have been stimulated with the same fluid, namely, foam. The other two zones
have been stimulated using gelled water in one zone and a foam-gelled water
type in the other zone. Therefore, according to the basic program schedule,
seven more zones have to be selected and treated; four of which will be pre-
viously found optimizations for use in the third well.

Production resulting from the zones stimulated thus far indicgtes ?hat gas
is definitely present in zones of the shale that have never begn h1stor1ca11y.
produced before. Furthermore, reservoir testing of two zones 1in one well indi-
cates this production has resulted from vertical fractures extending laterally
between 136 to 156 feet. This effective fracture length is on the order of
five times smaller than predicted with the use of these massive volumes of
fluid.

NOMENCLATURE
BPM = barrels per minute
h = height
ISIP = instantaneous shut-in pressure
k = permeability
kh = flow capacity
Mcfd = thousands of cubic feet per day (gas flow)

G-7/10



md
N

pp§

millidarcy
nitrogen
pound per galilon

S = skin factor
Scf = standard cubic feet

Sg = gas saturation, in percent
xg = fracture length on one wing
2x effective fracture length

[ U L | | N | Y I { I (I 1|

porosity, in percent
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TABLE 1

LOGGING PROGRAM FOR 3 TEST WELLS
IN COLUMBIA GAS/USERDA
DEVONIAN SHALE-MHF PROGRAM

VOLUME AND
OF

TABLE II

TREATMENT PARAMETERS
MHF FOAM FRACS

PERFORMED ON WELL NO. 20403

Dry-Hole Logs Consisted of: Wet-Hole Logs Consisted of: ZONE ZONE 1 IONE 2 ZONE 3
Formation Density Com- CORIBAND Series - Composed of Gamma Ray Log,
pensated Log (FDC) Formatjon Compensated Density Log (FDC), Com- FORMATION Lower Brown Middle Brown Upper Brown -
pensated Neutron Log (CNL), Compensated Sonic Lower Gray Shale Shale Middle Gray Shale
Sidewall-Neutron-Poro- Log, Dual-Induction-Laterolog, and Micro- PERFED INTERVAL (FT.)} 3858-4031 3409-3651 2954-3230
sity Log {SNP) laterolog
TREATMENT DATE 6/21/76 11/15/76 5/23/71
Dual Induction Log 3-D Velocity Log
TREATMENT TYPE/QUALITY Foam/77% Foam/81% Foam/78%
Temperature Log - Seisviewer
Absolute TREATMENT SIZE (GALLONS)
Thermal Decay Time Log (TOT) s Foam 250,000 319,750 345,944
Temperature Log - Water 58,480 59,750 62,270
Differential A
SAND VOLUME (LBS.) 299,000 439,000 340,000
Sibilation Log 80/100 Mesh/Peak Conc. 19,000/1 ppg 29,400/1 ppg 60,000/3 ppg
20/40 Mesh/Peak Conc. 280,000/1.5 ppg | 410,000/2 ppg 280,000/1.5 ppg
NITROGEN VOL. (Scf) 2,458,200 2,500,000 3,229,088
AVG. RATES (BPM) 37.5 40 9.6
AVG. TREATING PRESS. (PSIG) [ 1930 1550 1390
MAX. TREATING PRESS. (PSIG) | 2250 1710 1480
50 1190
TABLE III 1s1p 1950 8
1070/5 min. 770/5 min. 1150/5 min.
VOLUME AND TREATHENT PARANETERS ISIP/MINUTES /5 min d
MHF FRACS R 17 17+
PERFORMED OW WELL NO. 20401 CLEAN-UP TIME (DAYS) 29
% RECOVERED 44-water 14-water 30
52- N2 BO-N2
Z0NE I0NE 1 20NE 2
*Preliminary data
FORMATION Lower Brown Middle Brown
Shale Shale
PERFED INTERVAL (FT.) 3788-3860 3272-3410
TREATMENT DATE 8/3/76 /11777
TREATMENT TYPE/QUALITY MHF MOD-MHF
TREATMENT SI1ZE (GALLONS) 517,014 104,076
Foam - 12,642
Water 517,014 91,434
SAND VOLUME (LBS.) 930,000 319,326
80/100 Mesh/Peak Conc. 190,000/3 ppg 57,708/6 ppg
20/40 Mesh/Peak Conc. 740,000/3 ppg 261,618/8 ppg
TABLE 1V
NITROGEN VOL. (Scf) 120,000 794,000
RESERVOIR TESTING RESULTS
AVG. RATES (BPM) 25.4 30 WELL NO. 20403
A * *
AVG. TREATING PRESS. (PSIG) 1758 800 o CASE I = Chse 1
x
MAX. TREATING PRESS. (PSIG) 5000 950 md. k . fo| md k . *s
TEST DESCRIPTION ft. md. Skin ft ft. md. Skin ft
1S1P 1200 250
Pre-Frac Flow Test No Analysis No Analysis
ISIP/MINUTES 250/15 0/5 min. Zone Pre-Frac Buildup Test No Analysis No Analysis
1 Post-Frac Flow Test -« .05+ .10 -~ -- -- .05+ .10 --  --
CLEAN-UP TIME (DAYS) =150 16% Post-Frac Buildup Test No Analysis No Analysis
% RECOVERED 36 57 Pre-Frac Flow Test
1/q Equivalent Plot | 37 0.180 -2.60 8 37 0.059 -2.50
Spherical Plot 29 0.140 -- -- 68 0.110 .- --
*Preliminary data Linear Plot -- 0.179 -- 22 -- 0.088 --
Pre-Frac Buildup Test
Horner Plot 22 0.109 -4.30 43 21 0.034 -4.10 36
Zone Spherical Plot 20 0.120 - -= 58 0.094 -- -
2 Linear Plot -- 0.109 -- 38 -- 0.034 -- 34
Post-Frac Flow Test
1/q Equivalent Plot |91 0.445 -2.80 5 91 0.146 -2.70 8
-- 0.130 -- 306 -- 0.042 -- 290
Linear Plot -~ 0485 - 166 | -- 0.146  -- 144
Post-fFrac Buildup Test
tog-Log Curve Match | 66 0.320 -- 142 66 0.106 -- 124
Horner Plot 26 0.128 -4.90 78 26 0.042 -4.75 68
Spherical Plot 18 0.090 -- -- 37 0.060 -- -
Linear Plot -- 0.128 -- 84 -- 0.042 -- 72
*Assumed ¢ = 2.438%; Sg = 77.3%; h = 205 feet
**Assumed ¢ = 1.804%; Sg = 45.8%; h = 622 feet
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CHEMICAL EXPLOSIVE FRACTURING OF EIGHT TIGHT GAS WELLS
by
S. J. LaRocca and Arthur M. Spencer

Petroleum Technology Corporation
P.O. Box 537
Redmond, Washington 98052

ABSTRACT

The objective of this joint ERDA/industry program is to evaluate the potential of large
chemical explosive loads (20,000 to 30,000 pounds) to stimulate and enhance recovery of
gas from tight reservoirs. Six of the eight wells are in the Devonian Shale—three in Kentucky,
three in West Virginia, and two are in the Canyon Sands of southwest Texas.

A general description of the on-site explosive manufacturing placement and detonation tech-
niques is presented. Details of the preshot and postshot testing and production are given on
wells stimulated to date. The program is continuing.

Prepared for the Energy Research and Development Administration under Contract Numbers EY-76-C-08-0685,
EY-76-C-08-0686 and EY-76-C-08-0687.

Note: Copies of this report are available from the authors.
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ABSTRACT

Amex/Vescorp in conjunction with U.S.E.R.D.A., Ohio E.R.D.A., and
National Petroleum Corp., is conducting a field demonstration test to pro-
vide information on the Devonlan Shales, in Lawrence and Scioto Countles,
Ohio, which can be used in the immediate and surrounding areas to increase
gas production from the shale.

The general objectives of this program are to establish the effective-
ness of remote sensing imagery as a tool in picking shale well site
locations, to determine the benefit of advanced stimulation techniques, .
and to determine if a scaled up version of the fracture technique deemed
to be the better of the two above would be a cost-effective method of
improving production rates and reserves.

Analysis of the remote sensing imagery was completed on May 24, 1977.
Nine primary and twelve alternate well locations have been selected as a
result of this work. The drilling of these wells will commence in the ,
near future at which time coring and logging will be used to help determine
which zones should be stimulated.

Prepared for the Energy Research and Development administration, under
Contract No. E(40-1)-5253.
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INTRODUCTION

The Devonian Shale underlies more than 100,000 square miles in the
Appalachian area including such states as Kentucky, West Virginia, Michigan,
Indiana, New York, Pennsylvania, Ohio and others. This Devonian Shale
formation is the subject of much speculation because of large estimates of
natural gas reserves. The U.S. Energy Research and Development Administra-
tion and the Ohio Energy and Resource Development Agency have both gone on
record as estimating gas in place in the Devonian Shale to be in the
quadrillions of cubic feet in the continental United States. The Ohio ERDA
has estimated that with existing technology, seventy (70) trillion cubic
feet of gas could be produced in Ohio alone.

Even with the impressive reserve estimates, the low field price for
natural gas prevents the Shale from receiving any more than nominal atten-
tion from independent producers.

The potential of the Devonian Shale is not a newly discovered horizon
of productivity. Several thousand wells have and are producing natural gas
from Shale. Most shale wells in the Appalachian area are contained in the
Big Sandy Field of Kentucky and West Virginia in addition to several Ohio
counties such as Lawrence, Scioto, Meigs and Licking.

It is generally recognized that the average shale well will outproduce
the average sandstone well in Appalachia, but it takes several decades for
the shale production to occur. The economics favor sandstone over shale
because of cash flow considerations related directly to rate of production.
Independent producers are economically attracted to the lower gross produc-
tion of the sandstone because of the more acceptable rate of return it
provides. In contrast, while containing much larger recoverable reserves,
the shale presently produces at so slow a rate of return as to deem it
financially unacceptable. This generalization would be more aptly applied